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Preface

There is a general feeling that the vast gains in productivity and quality, realized in the 20th century in
manufacturing industries, have not been matched by similar progress in building construction. This book
reflects my deep belief that a significant remedy to this problem can be attained only with industrialization
and automation replacing manual labor in all phases of the building process.

The slow advent of industrialization in building and its failure to establish itself as a clearly preferable
alternative to the old, traditional methods, was partly due to objective reasons—the dispersion and diversity
of construction projects. But it also stemmed to a large extent from lack of an integrated approach and a
comprehensive managerial view of the process. Decisions concerning technologically advanced building
methods—in design, construction technology, management, and economics—require a thorough
understanding of the prevailing constraints in each of these domains and of their mutual interdependence. It
is the purpose of this book to provide a framework for such interdisciplinary knowledge which can be later
augmented by a more specific study in each particular field.

This book approaches industrialization and automation from a management viewpoint, that is, from the
point of view of the person who is in charge of the overall selection, design, implementation, and operation
of the building system. It is ultimately management’s understanding and support of the innovative
technologies which determine their success when competing with traditional methods. For this purpose, the
book covers the various aspects of industrialization—technological, managerial, and economical. It also deals
with the use of information technologies in production and construction onsite. Such a comprehensive
approach is also useful to other parties involved in the building realization process —architects, engineers,
producers, and builders—who want to perform efficiently within a coordinated professional effort of an
industrialized project. They are referred in each chapter to specific sources, in their particular fields of
interest.

This new edition of Industrialization and Robotics in Building is retitled, revised, and updated to take into
account the growing role of automation in the industrialized building process—in its design, production, and
construction. This most significant change, which has taken place since the book was first published in
1990, is amply described and discussed in this second edition.

The contents of this book are based on my lectures over the past 20 years at the Technion-Israel Institute
of Technology, the State University of North Carolina, the University of Texas at Austin, and Hong Kong
University. The material is drawn from my experience as a consultant in Israel and other countries, from my
research work at the Technion-Israel Institute of Technology and the Carnegie-Mellon University of
Pittsburgh, and from the information generously supplied to me by many companies and institutions in
various countries. A large part of the new material in this edition is based on our research program in
building automation at the National Building Research Institute of the Technion, I.I.T., and especially on



the development project of the interior finishing robot which is described here, and the various studies of
automated planning and design in building.

The book can be divided into three parts. The first part includes general information about heavy
concrete-based prefabrication—typical systems, their components, performance requirements, design, and
production methods—the type that is currently the core of industrialization efforts in most countries. The
second part deals with managerial aspects of prefabrication—plant organization, production scheduling,
cost estimating, quality control, and long-range economic planning. The third part deals with automation
and information technologies in design, production, and construction onsite.

This book can be used as a text for a graduate or an undergraduate curriculum in civil engineering and
architecture studies. It will be relevant also to studies in building surveying and construction.

The assignments at the end of each chapter are a very important part of these courses. Some of them
involve a progressive development of an industrialized building system through various design and planning
stages. They require a considerable amount of work on the part of the student, and deserve additional time
in class for presentation and discussion, when completed.

The book may be used also by practitioners who wish to get acquainted with the subject of
industrialization and automation, without a rigid institutional framework. The text is arranged in a modular
fashion—each chapter dealing with a separate subject. This makes it easier for readers who want to become
acquainted, through self-tutoring, with selected aspects of the subject, without going over the whole text.
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Mass
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degrees Celsius (°C) degrees Fahrenheit (°F) tF=1.8tc+32

Energy
Heat

megajoule (MJ) British thermal unit (Btu) 947.817
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Chapter 1
Industrialization and Automation in Building

1.1
Introduction

It is the basic tenet of this book that a radical improvement of productivity and quality in building
construction can be attained only through intensive industrialization and automation of the building process.

Recent innovations in the building process should be viewed in the general context of the technological
progress of human society over time. In this respect Toffler [6] identifies three major technological “waves”
which advanced human society over a period of ten millennia from the most primitive level to its present
state. Although initially focusing on technological production processes, these waves were accompanied by
deep social and economic changes.

The first wave, the establishment of agricultural civilization, consisted in the settling of formerly nomadic
societies in permanent settlements. The population in these settlements could satisfy much better its basic
needs by employing orderly agricultural techniques, and devote part of its effort toward improvement of
living standards in terms of shelter and various consumption goods. One of the main results of this
revolution was the erection of permanent buildings made from wood, stone, bricks, earth, and other
indigenous materials for a population which formerly lived in tents or caves. Building as a distinctive craft,
and later as several specialized crafts, also emerged from this development.

The second wave, industrial civilization, resulted from the development of machines propelled by
artificial energy—first by steam and later by electricity and oil. The industrial revolution, which started at
the beginning of the 18th century with the invention of the steam engine, enabled substitution of human
effort by stronger, faster, and more precise machine work. It also enabled the introduction of efficient and well-
controlled processes for production of various new materials and products. The considerable capital
investment in machines and other industrial facilities which was necessary had to be justified by the creation
of large factories, each with a large output of standardized products. 

The industrial revolution affected the building sector in many ways. Perhaps its most important effects
were the introduction of structural steel and reinforced concrete as main building materials in the second
half of the 19th century, and later, in the 20th century, the industrialization of work on a building site,
making the most of mechanized materials handling equipment and of large prefabricated building
components. However, for reasons which will be discussed later in this chapter, the potential for
industrialization on site was realized only to a limited extent.

The third wave, the information revolution, which started in the second part of the 20th century, draws
from the use of computers for storing, processing, and transmitting information, and for automated control
of industrialized processes. Computerized control makes production more efficient in terms of materials use.



It also makes it feasible to cater by diversification to individual tastes, without significantly increasing the
production cost.

The information revolution had a considerable effect on design work in building and on some aspects of
its administration and control. Its effect on the construction process onsite is still very limited, mainly due to
lack of a sufficient industrialized base.

The most important task of technological progress in building is therefore to increase the extent of
industrialization onsite with a view to its subsequent automation, wherever feasible.

The industrialization of building is most effective when as many as possible of the building components
are prefabricated in a plant with appropriate equipment and efficient technological and managerial methods.
Comprehensive prefabricated elements that are produced in the plant considerably reduce both the amount
of work onsite and dependence on the skill of available labor, on the weather, and on various local constraints.

Production of large building components offsite is not a novel concept. Famous structures of the ancient
world—in Egypt, Greece, and Italy (see Figs. 1.1 and 1.2)—were erected with prefabricated stone
components such as pillars, slabs, and porticos, some of them weighing 5, 10, and even 100 tons. These
components were sometimes hauled from quarries tens or hundreds of kilometers to their erection sites.

The transportation and erection of large components required, in the absence of machines, an enormous
amount of human labor and superior organizational and logistic effort. It was therefore applied only in
monumental buildings, such as temples and palaces, and justified by the architectural effect of volume, size
and ornament obtained in this manner. The remaining mass of structures, mostly dwellings, were built with
“conventional” methods that were much easier to execute. These methods used local materials—timber,
clay, and stones often cut or molded into small work pieces such as bricks, blocks, and logs— which could
conveniently be handled by one or two workers. The selection, adaptation, placement, jointing, and
finishing of these pieces resulted in whole walls, floors, stairs, and other building segments. The efficiency
and quality of this conventional process depended entirely on the skill of individual workers.

Application of prefabrication for other than architectural reasons—for example, economy, speed, or
quality of construction—was made feasible with the general advent of mechanized production and
transportation methods in the 19th century. Prefabricated components, mostly of timber and cast iron, were

Figure 1.1 The Temple of Amon in Luxor
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used in residential and public buildings. One of the most prominent examples of an advantageous use of the
prefabrication potential was during the Crimean War in the years 1854–1855. Over a period of 2 months
about 1400 barrack units were prefabricated in England, shipped to the war area (5000km away), and
erected there to provide shelter for the English and French troops. Each unit was made of timber structure
and walls and could house 20–25 soldiers. Another famous application was in the construction of the Crystal
Palace in London. This large structure (90,000 m2) was assembled for the London exhibition in 1851 from a
very large number of cast iron, modular skeleton and window components. In the second part of the 19th
century several British manufacturing enterprises already specialized in the production of cast iron building
elements—panels, gratings, stairs, balconies, columns, beams—and others which could be ordered from
standard catalogues for various types of residential and public buildings. These and other early applications
of prefabrication are described in Refs. [2–5, 8] and other sources.

In the course of the 19th century, reinforced concrete established itself as one of the major building
materials. It had some distinctive advantages over other prevalent materials: its main ingredients—sand,
gravel, and water—were inexpensive and available almost anywhere. Its production process was relatively
simple. It could be molded into any shape and with proper processing yield an attractive exterior surface. It
was strong, durable, and resistant to weather, wetness, and various mechanical effects. For these reasons
concrete components could compete successfully with stone, in monumental and architectural buildings,
with timber and bricks in housing, and with steel in bridges and other heavily loaded structures. The use of
high-strength prestressed concrete increased even further its range of applications. One of the first
applications of precast concrete components was by W.H.Lascelles in England in 1878 [3]. Lascelles
employed thin precast concrete plates attached to timber posts for use in walls and attached to concrete
joists for use in floors of residential cottages.

The full realization of precast concrete potential for prefabrication was made possible with the
development of specially adapted transportation and erection equipment immediately after World War II.
Only then did precast concrete establish itself as a viable alternative to the conventional building methods.
The urgent demand for housing in the period following World War II and the active involvement of the

Figure 1.2 The temple of Hephaestus in Athens
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public authorities in its supply created a very favorable environment for the proliferation of comprehensive
prefabricated building systems. Such systems, consisting of prefabricated slabs, vertical structural elements,
exterior walls, and partitions, stairs, and sanitary units, could offer a large output of building in a short time
with reasonable quality. At the same time prefabrication also offered a wealth of architectural shapes and
finishes—like those presented in Figs. 1.3–1.6— which could hardly be attained with any other technology.

The demand for prefabricated building systems was at its peak in the 1950s, 1960s, and early 1970s in
eastern Europe, where prefabrication became the predominant building technology, and also in many
countries of western Europe where it was extensively used in the construction of new cities, new
neighbourhoods near existing cities, and large public housing projects. The interest in concrete-based
prefabrication methods also grew in the United States, which until that time was mainly involved in
prefabrication of lightweight “mobile” houses. The U.S. government initiated, in the early 1970s, a large-
scale innovation project —Operation Breakthrough—in which it actively assisted in the development of a
large number of building systems.

The demand for comprehensive prefabricated building systems subsided in the late 1970s, especially in
western Europe and the United States (in eastern Europe it subsided with the political changes of the early
1990s), with the urgent need for mass housing in the urban areas largely satisfied. These systems found
themselves at a disadvantage while competing with conventional building methods for small and diversified
building projects. In the remaining large projects  prefabrication was in hard competition with another mode
of building industrialization—monolithic walls and slabs cast onsite in room-size steel molds.
Prefabrication focused more and more on production of selected components— decorative exterior walls
and prestressed modular slabs which were used mainly in public and industrial buildings.

The failure on the part of designers and producers to think in terms of systems rather than individual
elements, and their failure to make system building more attractive and efficient given the present
circumstances of fragmented and diversified demand, made prefabrication less competitive than existing
methods. This initiated the vicious circle of lesser demand, hence a higher cost per unit, still less demand,
and so on. The need for a system approach and its efficient management is expanded in the following
sections of this chapter.

Figure 1.3 The Marne la Vallée housing project near Paris (Bofil)
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Furthermore, it is now possible to automate the industrialized building process with the aid of new
information technologies. The use of computer tools in design and robots in production of elements gives
the new methods a competitive edge in most building markets. This point will also be discussed.

Figure 1.4 The Ramot project in Jerusalem (Heker)

Figure 1.5 The Habitat project in Montreal (Safdie)
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1.2
The nature of industrialization

The industrial revolution marked the passage from a handicraft economy to one dominated by industry and
machine manufacture. It originated with the introduction of machines, steam power, and new ways of
making steel and iron in the 18th century. It received a tremendous boost in the late 19th century with the
invention of electric power, the internal combustion machine, petroleum fuel, and chemical synthetics, and
it culminates today with the advent of electronics, atomic power, and computers. Each of these stages
increased productivity and improved the performance and quality of the product.

In this book we define an industrialization process as an investment in equipment, facilities, and
technology with the purpose of increasing output, saving manual labor, and improving quality.

The following features are considered prerequisites to a successful industrialization process:

1 Centralization of Production. Utilization of expensive equipment and facilities is feasible only with
production performed at a single location (for a particular region). The process will thus use the

Figure 1.6 The Conrad Hotel, Brussels (Decomo Co.) 
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economies of scale with respect to capital investment, management, and auxiliary services. From this
central location the product is shipped to the various consumer areas.

2 Mass Production. The investment in equipment and facilities associated with an industrialization
process can be justified economically only with a large production volume. Such volume allows a
distribution of the fixed investment charge over a large number of product units without unduly
inflating their ultimate cost.

3 Standardization. Production resources can be used in the most efficient manner if the output is
standardized. Then the production process, machinery, and workers’ training can best be adapted to
the particular characteristics of the product. 

4 Specialization. Large volume and standardization allow a high degree of labor specialization within
the production system. The process can be broken down into a large number of small homogeneous
tasks. Workers continuously engaged in any of them can perform at the higher productivity level
attained with specialization.

5 Good Organization. Centralization of production, high volume, and specialization of work teams
requires a sophisticated organization capable of a high quality of planning, coordination, and control
functions with respect to production and distribution of the products.

6 Integration. To ensure optimal results, a very high degree of coordination must exist between design,
production, and marketing of the product. This can be ensured in the most efficient way within an
integrated system in which all these functions are performed under a unified authority.

A high degree of industrialization, as characterized by these features, can be found today not only in the
production of all types of consumer and capital goods but also in agriculture, medicine, education, and
various types of service-industries.

The automation which computer control gives to many stages of production adds new dimensions to the
industrialized process. Large production series, standardization, and specialization are no longer
prerequisites for the feasibility of industrialization.

While large volumes of production are still essential to the feasibility of an investment, production no
longer has to be uniform. There is a growing demand for a smaller series of diversified products which are
better suited to the individual tastes of various customer groups and even of individual customers. If a company
wants to survive in the competitive market it must cater to this type of diversified demand. Automation of
production makes this feat possible at a minimum additional cost.

Automated features in both the design and the production of products make the proficiency of workers in
execution of individual tasks less important. More sophisticated production tools and automated production
control shift the emphasis from worker specialization in individual activities to their understanding of the
whole process and its underlying technology.

1.3
Special features of the building process

After discussing the general attributes of an industrialized process, we proceed to examine their
implications with reference to building systems. A building system was defined earlier as all work
components necessary for a particular type of building together with their execution techniques and
procedures.
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We must first consider the major differences between construction and a typical manufacturing process.
These differences, summarized in Table 1.1, were the main cause of the slow advent of industrialization in
building. We will now discuss some of them in more detail. 

Table 1.1 Main features of construction versus manufacturing industries

Manufacturing Construction

All the work performed at one permanent location Work dispersed among many temporary locations

Short to medium service life of a typical product Long service life of a particular product

High degree of repetition and standardization Small extent of standardization; each project has
distinctive features

Small number of simplified tasks necessary to produce a
typical product

Large number of tasks requiring a high degree of manual
skills necessary to complete a typical construction project

All tasks performed at static workstations Each task performed over large work area with workers
moving from one place to another

Workplace carefully adjusted to human needs Rugged and harsh work environment

Comparatively stable workforce High turnover of workers

Unified decision-making authority for design,
production, and marketing

Authority divided among sponsor, designers, local
government, contractor, and subcontractors

Distinctive nature of projects

The distinctive nature of every building project results from different needs, habits, and preferences of
eventual users, different surroundings in which buildings are erected, and different perceptions of designers
of an optimal solution for a particular combination of a user and an environment. The question of whether
higher standardization should always be sought, even at a cost of a somewhat less effective functionality,
higher monotony, and consequently lower satisfaction of an individual user (or group of users), is still very
much debated among sponsors (both private and public), designers, and contractors. The prevailing trend, at
least in the developed countries, seems to advocate standardization only as long as it does not affect the
overall quality and aesthetics of a particular solution. The great challenge of industrialization in building—
both from the architectural and technological viewpoints—consists of how to standardize the requirements
from individual building components and still ensure maximum design freedom with respect to the final
building product. It appears that new production techniques employing computer-aided design and
manufacturing will permit considerable diversification of output without affecting construction feasibility.
These possibilities are discussed later in this book.

Dispersion of construction activity

The dispersion of construction activity, even with a fairly standardized demand, is inevitable at present
because considerable parts of the building project— infrastructure, foundations, erection, and finishing—
can feasibly be carried out at the present state of technology only onsite. The problem of industrialization in
building is therefore how to increase, as much as possible, the share of construction work that can be
performed at an offsite centralized facility and how to benefit from the better equipment and organization
available there.
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Work environment

The physical hardship of construction work, rugged ambient conditions, and the need to move continuously
from one location to another are inherent features of the onsite conventional construction process. Those
parts of construction work which can be performed in a prefabrication plant would certainly benefit from a
more hospitable and effective workplace.

Complexity of building process

A construction process, for most types of building, involves some 20–30 different skilled trades. This
complexity is caused by the multitude of functions which most buildings perform. A typical building must
provide shelter, adaptable thermal and acoustic conditions, locomotion between its different levels, water
and power supply, disposal of wastes, illumination, communication with the outside world, and other more
specific functions, for example, cooking, recreation, storage, sports activities, and various industrial
processes. Each of these functions may vary with particular constraints of space, location, and usage. This
proliferation of functions results in a large number of works that must be coordinated and adapted to each
other in the finished project. The success of industrialization depends therefore on the extent that these
different works can be combined in comprehensive assemblies, adapted to their multipurpose functions. The
most far-reaching solution under this principle is the fabrication of a whole building, or its sizable parts, as a
single unit, with all necessary fixtures and finish works completed in the plant. Such an approach, although
sometimes employed in practice, may complicate to a large degree the production and especially the
transportation and erection process. A more flexible alternative consists in dividing the building into several
types of major components—exterior walls, floor slabs, and vertical walls—each of them of the largest
manageable size within the transportation and erection constraints, and containing as much as possible of
fixtures and finish works. An exterior wall, for example, prefabricated as an assembly, may include exterior
and interior finish, thermal insulation, windows—painted and glazed—electrical outlets, and even a heating
unit or an air conditioner.

Long service life

Building projects are formally expected to function at least 50 years, but their actual service life is much
longer. Such a long life cycle has an important implication with regard to several aspects of building
performance. The most obvious is quality. An inferior building cannot be discarded or withdrawn by a
manufacturer for repairs; it will therefore continue to plague the users, and possibly the envi ronment, over
its entire life span. The quality of building is therefore of paramount importance and should be ensured with
appropriate design and careful control during construction. Another important aspect has to do with the
altering patterns of the building’s use, due to the dynamics of family growth that change with time, life-
styles, and living standards. The ideal solution to these problems could be a “flexible” building that can be
adapted, by easy modification of its components, to changing user requirements or special maintenance
needs.

Divided authority

The distinctive nature of every building project necessitates, for its procurement process, an individual input
from several factors that in many cases act independently of each other: performance requirements from the
sponsor, design attributes from the designer, and construction constraints from the contractor. A divided
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authority necessarily reduces the overall efficiency of a solution, when compared with an integrated system
that could utilize, in a most effective manner, the potential of design and construction, in view of user needs
and market conditions. The need to integrate design and construction is much more evident in an
industrialized than in a conventional building system. A production based on fixed facilities and involving
large setup costs is by its nature less adaptable to design variations than onsite construction using mostly
manual labor. Two solutions can be applied in practice to overcome this difficulty. One is to unify design,
production, and marketing functions under a single entrepreneur within a so-called “closed” building system.
Such a system, developed with an imaginative design and based on a thorough market study, will offer
building alternatives attractive enough to a sufficient portion of potential clients. Another solution,
following an “open system” approach, confines itself to production of standard “catalogue” components
very much in the same way as standardized structural steel profiles, asbestos sheets, nuts, and bolts. Such
standardized building components (e.g., floor slabs, beams) can then be incorporated into building plans by
any designer acquainted with their shapes and dimensions. Both approaches are discussed extensively in
other parts of the book.

1.4
Industrialized building systems

A building system can be defined as a set of interrelated elements that act together to enable the designated
performance of a building. In a wider sense it may also include various procedures—technological and
managerial—for the production and assembling of these elements for this purpose.

The main features of an industrialized building system, as they emerge from the discussion in the
previous section, may be summarized as follows:

1 As many as possible of the building elements are prefabricated offsite, at a central facility, where
specialized equipment and organization can be established for this purpose. 

2 The various building works are incorporated into large prefabricated assemblies with minimum
erection, jointing and finishing work onsite.

3 Materials and component handling onsite is extensively mechanized; in concrete work, large standard
steel forms, ready-mixed concrete, and concrete pumps are used.

4 Design, production, and erection onsite are strongly interrelated. They must be viewed therefore as parts
of an integrated process which has to be planned and coordinated accordingly.

5 Automation may be introduced into the building realization process in order to reduce human
involvement and improve quality in design, production, and construction onsite.

The benefits of industrialized systems, their limitations, and the ways to cope with them are discussed in the
next section.

1.5
The benefits and limitations of industrialized building systems

The benefits of industrialization were presented as its raison d’être in the previous sections. When applied to
a building process, these benefits are:
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1 Saving in manual labor onsite (up to 40–50% of the input in conventional construction), especially in
skilled trades such as formwork, masonry, plastering, painting, carpentry, tiling, and pipelaying
(electrical and water supply).

2 Faster construction process, that is, earlier completion of building projects.
3 Higher quality of components attainable through careful choice of materials, use of better production

tools—in batching and casting—and strict quality control.

These benefits, if realized, should have resulted, despite the required investment, in definite economic gains
due to lower labor costs, faster turnover of working capital, and saving in life-cycle costs of the finished
buildings.

Despite these benefits, the share of industrialized building in the total output is not increasing in most
countries, as expected, mainly due to the following reasons:

1 Volatility of the building market and a general decline in demand for large public housing projects in
most developed countries made an investment in production facilities more risky when compared
with conventional laborintensive methods. This was particularly true in several European countries
with an abundant supply of cheap imported labor.

2 The excessive tendency toward repetitiveness and standardization in public projects, where
industrialization was most widely applied, resulted in monotonous “barracklike” complexes that very
often turned into dilapidated slums within several years. The unfortunate image of
industrialized dwellings as socially inferior housing solutions was further reinforced by production
defects in building components, which are quite frequent in the initial stages of prefabrication. Such
defects—resulting from lack of technical expertise and poor quality control—caused aesthetic and
functional faults, such as cracks, blemishes, moisture penetration, and poor thermal insulation in
completed buildings.

3 Industrialized systems were considered very rigid with respect to changes which might be required in
the building over its economic life. This was true especially when small span “room size”
prefabrication was employed.

4 The technology, organization, and design of prefabricated building systems never became an integral
part of the professional knowledge of engineers and architects, obtained as other subjects through a
regular academic education. The academic curriculum seldom includes courses that present, in a
thorough and methodological manner, the potential and the problems associated with industrialization
in building. As a result, there is a natural tendency among designers and builders to prefer familiar
conventional solutions, perhaps with occasional utilization of single prefabricated elements.

It seems that the first three factors can no longer be considered valid in view of the technological progress in
this field and the experience gained with industrialized building, especially over the last three decades of its
application. The various available alternatives of industrialization allow selection of a system that under
effective management and rational utilization procedures, need not impose a significant financial burden on
its users.

Furthermore, aggressive marketing is today an essential function in any type of production activity and a
marketing effort aimed at securing sufficient demand for building sytems should not be an exception.

There is also no pressing need today for standardization and repetitiveness “at all costs.” Automated
design and production procedures allow for use of almost custom-made components for each individual
project without prohibitive additional costs. The abundance and variety of shapes and finishes available
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today, with the advance in precasting technology, exceed by far those normally offered in conventional
building. Experience accumulated with prefabrication and modern quality control methods practically
assure a product quality much superior to what can be attained with available construction labor supply. The
weakness of existing industrialized systems is still in their cumbersome connections and jointing methods,
which are also very sensitive to errors and sloppy work. These can no doubt be improved with an
appropriate development effort.

It also appears that considerable flexibility with regard to changes may be attained if careful attention is
given to location of the “rigid” elements of the building, i.e. the structural supports and the service systems.

Paradoxically, the last factor—lack of sufficient acquaintance with industrialization among building
professionals—has always provided, and still does, the greatest impediment to its successful application in
practice. The tendency to view industrialization as mere utilization of premanufactured components
disregards the system approach, which is absolutely essential to realization of its advantages over
conventional construction methods. Development or selection of an industrialized system must always
consider the following aspects:

1 Physical performance—stability, strength, thermal and acoustic requirements, fire resistance,
maintainability, and insulation.

2 Architectural design—aesthetics, functionality, versatility, and flexibility.
3 Technology—selection of materials, production methods, and connecting, jointing, and finishing

techniques.
4 Management—planning and coordination of production, transportation, and erection, and quality

control.
5 Economics—forecasting of demand—its scope and characteristics and the selection of the most

profitable method and optimal location and size of the production plant in accordance with this
demand.

6 Marketing—advertising, sales engineering, and effective contracting for projects.

The knowledge essential for examination of these features can be acquired only through an orderly learning
process.

This book presents, from a managerial viewpoint, the material necessary for rational planning or selection
of an industrialized building system. It may be used as a text for teaching a course on industrialization in
architectural and civil engineering curricula. It may also be used by practitioners in these fields who wish to
become acquainted with the subject without a rigid institutional framework. It cannot be used however as a
“manual” from which an optimal instant solution to a particular problem can be extracted.

The principles of industrialization reviewed very briefly in the preceding sections, and thoroughly
explored in the subsequent chapters, can be applied to any type of building and to different construction
materials. They will be explored in this book with specific applications to concrete-based construction
where industrialization has been most widely employed to date. Similar principles may be applied also to
lightweight prefabrication methods, although the production there is closer in nature to regular
manufacturing processes.

Chapters 2–11 deal with various aspects of industrialization of the building process, and constitute the
first two parts of the book.

The first part (Chapters 2, 3, 4 and 5) reviews the prevalent alternatives of industrialized building
systems, their design procedures, performance specifications and production methods. In the second part—
Chapter 6 deals with the organization of a prefabrication plant, Chapters 7, 8, and 9 present production
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planning, cost estimating, and quality management methods, and Chapters 10 and 11 are concerned with the
economic implications of industrialized building.

1.6
Automated building systems

The implementation of industrialization in building cannot be examined today without consideration of the
impact of information technologies on the design, production, and assembling onsite of prefabricated
elements. 

Automation of a mechanized system, in the context examined here, means referring all, or certain,
aspects of control of the system to a computer-driven device. The device can instruct the machine (or
machines) to perform a preprogrammed sequence of operations and modify the instructions on the basis of
the feedback received from the machine’s performance.

In general, the benefits of mechanization and automation are saving of manual labor, elimination of
strenuous, dirty, and dangerous work, and improvement of quality. A very important benefit of automation
is the flexibility it gives to an otherwise rigid mechanized process.

Any type of mechanized building activity can be automated. Many building activities which are still
performed manually must first be mechanized and only then can they be automated. The decision of
whether to mechanize/automate a building activity, and to what extent, should depend on a feasibility
analysis—the expected benefits of the change vs. the additional costs to be incurred.

In this book we will examine the general nature of automation in building and then focus our attention on
the merits of an industrialized automated system which employs automation in the production of building
elements in the prefabrication plant and in performing the remaining works on site. The concept of
automation in building can be further expanded into an automated building realization system, which also
includes the design activities. The elements of such a system will be briefly reviewed here and examined
further in Chapter 16.

Automation in design

Computer-aided drafting and computer-aided engineering analysis have already been well established for
some time, as part of a regular professional practice. Drafing is made more efficient by creation and
manipulation of standard entities: geometric forms and building details. These can be created, copied,
adapted, and joined to produce a desired, preconceived architectural drawing. The drawings can be checked
for consistency, updated when required, stored, and retrieved, using appropriate computer software.

Computer software is also available for an analysis of the performance of various building systems
(structural, mechanical, environmental), and for checking that they conform to accepted codes and
standards.

It is the higher-level design work—the allocation of spaces, location of supports, and in the case of
prefabrication, the shaping of elements and subsequent generation of production drawings—which is now
being delegated to knowledge-based computer programs.

Automation of production in plant

Automation in plant is driven by information received from the design stage. Production activities which
can be automatically controlled in plant include: forming of molds for prefabrication, preparation of
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reinforcement and its placement in the molds, mixing and placement of concrete, placement or shaping of
exterior finish, quality inspection, curing of concrete, and handling of components between processes.

Automation of construction onsite

Prefabricated components can be assembled, jointed and finished onsite using construction robots. Robots
are machines which can be programed to perform various construction tasks either autonomously, or in
tandem with human operators. Prefabricated building components can be assembled at a desired location by
an automated crane. Subsequently, different finishing operations—jointing, painting, tiling etc.—can be
performed by single function or multifunctional robots. Because of the particular nature of the building
environment the building robots have to be mobile and be able to interact with the environment through
appropriate sensors.

A considerable amount of industrialization is essential for automation of the production or erection
process; there is nothing to automate if the building work is done manually. And vice versa, highly
mechanized systems must be automated in order to cope economically with diversified orders.

The third part of the book (Chapters 12–16) deals with the application of automation to industrialized
building.

Chapter 12 describes automation in prefabrication plants. Chapter 13 explains the general principles of
industrial robotics, Chapter 14 explores their applications to robotization of construction work onsite, and
Chapter 15 deals with the implementation of robotization. Chapter 16 examines future trends in the
application of industrialization and automation to the building process.

1.7
Summary and conclusions

Industrialization entails investment in equipment, facilities, and technology in order to increase output, save
manual labor, and improve quality. The main attributes to industrialization are centralization of production,
large volume, standardization of products, specialization of workers, efficient organization of production
and distribution, and unified authority over all stages of the process.

The construction process differs from manufacturing in several important features, which impede the
progress of industrialization in this sector. These include uniqueness of every project, dispersion of
production, changing workplace, complexity of product, rugged environment, and divided authority over
the process.

Eventual industrialization of the building process will maximize the share of components manufactured
in a plant, focus prefabrication on large comprehensive assemblies, improve the technology of jointing and
connection onsite, emphasize effective quality control, provide a flexible and versatile design of systems
and components, and strive toward efficient coordination among design, prefabrication, and erection onsite.

The benefits of industrialization in building are a saving in skilled labor onsite, a faster construction
process, and better quality of the product. In order to realize these benefits, it is necessary to educate
architects and engineers in a system approach that integrates design, technology, management, economics,
and marketing of industrialized building.

Automation seems to be a natural and essential extension of the industrialization process, if the provision
of individual solutions to each customer is to be made feasible.
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Assignments

1.1 Give three examples of building systems with prefabricated components; each using a different
material. Specifically, refer to the following components: structural framing, floors, exterior walls and
partitions.

1.2 To what extent is prefabrication applied, in the various types of buildings (residential, commercial,
industrial, etc.) in your region? Give some typical examples of application.

1.3 Identify a fully or partially prefabricated building being erected in your vicinity. Describe the
technology employed in the execution of main building works. Could you suggest some ideas on how
to increase the extent of industrialization in this particular building?

1.4 Based on a short bibliographical survey (e.g., Ref. 1), describe the main features of the U.S. “mobile
homes” system. What are the main advantages and limitations of this building solution?

1.5 Based on a short bibliographical survey, describe and discuss two examples of application of
prefabricated concrete components before World War II.

1.6 Based on a short bibliographical survey, describe the objectives and the results of Operation
Breakthrough in the United States.
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Chapter 2
Building Systems and Components

2.1
Introduction

A building system was defined earlier as all work components necessary for a particular type of building
together with their execution procedures and techniques. Building systems can be classified in different
ways, depending on the particular interest of their users or producers. A frequent basis for such
classification is the construction technology. In this manner four major groups can be distinguished:
systems with (1) timber, (2) steel, (3) cast in situ concrete, and (4) precast concrete as their main structural
and space-enclosing material. Various composite solutions are also prevalent, for example, steel framing
with concrete or timber floor slabs, cast in situ concrete beams and columns with precast concrete slabs, and
precast concrete framing with brick masonry.

This book deals with precast concrete systems. These systems may employ different types of precast
elements. For the sake of their presentation here, the systems are classified according to the geometrical
configuration of their main framing components as follows:

1 Linear or skeleton (beams and columns) systems.
2 Planar or panel systems.
3 Three-dimensional or box systems.

This classification facilitates an acquaintance with the main types of precast components; however, it is not
always precise or exhaustive. Many systems employ components belonging to different geometrical groups.
They will be discussed within their most appropriate context.

A different group of industrialized building systems, which combines cast in situ framing elements with
precast slabs, walls, or facades, is also explored.

The design of buildings erected from precast elements must consider the following requirements: 

• An orderly transfer of vertical loads from horizontal (floor slabs, beams) to vertical (columns, walls)
elements, and from them to foundations.

• Lateral stability: the capacity of the structure to withstand horizontal loads. In buildings, this capacity is
usually attained through floor slabs acting as horizontal diaphragms which transfer the loads to appropriate
vertical elements—cores (stairs/elevator) or frames. The vertical elements can be monolithic, or made of
precast elements with appropriately designed connections between them. The floor slabs, made of
precast elements, must have special ties so that they act as diaphragms.



• Integrity of the structure: its ability to act as a unified whole by appropriate connections between
members. Each connection must be designed in light of this requirement.

• Strength of individual precast elements—to withstand loads introduced to them during their erection and
service.

Structural design meeting these requirements is regulated by national codes (e.g. BS 8110 in the UK, ACI
318 in the USA, DIN 1045 in Germany). Other performance requirements for prefabricated systems are
reviewed in Chapter 4.

2.2
Linear systems

Linear systems, as defined here, use as their main structural elements columns, beams, frames, or trusses
made of plain or prestressed concrete. Their important feature is the capacity to transfer heavy loads over
large spans. For this reason they are used in the construction of bridges, parking lots, warehouses, industrial
buildings, sport facilities, and so on.

General principles

Typical systems of linear components for industrial and agricultural buildings are shown in Fig. 2.1. They
are composed of structural frames, spaced at equal distances, thereby creating modular “cells” that can be
repeated a desired number of times in longitudinal direction or sideways. The span (L) of these frames
varies between 10 and 30 m, depending on the building’s purpose and various architectural considerations.
The spacing (S) between them varies, in most cases, between 5 and 10m. The height (H) of columns varies
between 4 and 10m.

Different variants of the structural scheme allow for the most convenient partitioning of the frame into
connected precast elements. A rectangular frame is usually composed of two columns and a horizontal beam,
connected so as to attain stability in the frame plane. For this purpose the columns may be fixed at the
bottom, and the beam is freely supported [Fig. 2.1 (a)], which makes it easier for assembling (the
connection at the top does not have to transfer moments and is therefore simpler). They may be hinged at
the bottom and transfer moments at the top [Fig. 2.1(b)] which does not involve the foundations in the
transfer of moments. Pitched frames can be composed of 2, 3, or 4 parts [ Fig. 2.1(c), (d), (e)], depending on
their dimensions and the transportation and erection conditions.

Stability of the frames system in the longitudinal direction can be obtained by bracing with steel
diagonals, or by attaching the frame to rigid building components, for example staircases or solid walls.

Single frames can be extended sideways into as many bays as necessary, or upwards, for multistory
buildings, as shown in Fig. 2.1f. Attention must be paid to their lateral stability either by introduction of
rigid connections at the corners, by bracing with diagonals, or by attaching the multiframe to a rigid
building component.

The roof may be supported directly on the frames, when precast slabs or Tee beams are used for this
purpose. It may also be supported on a precast joist system, when the roof material—corrugated steel,
asbestos, or thin concrete plates —requires smaller spans between supports.

Examples of linear systems for industrial buildings are shown in Fig. 2.2.
Linear structural systems of widely spaced beams and columns give the user (or the designer) a

considerable flexibility in partitioning the layout, by means of removable partitions, into functional spaces
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that can be adjusted to the particular needs of each user. They can also be easily modified with changing
requirements in the future. The skeletons are therefore often used, together with prefabricated enclosures
and space dividers, for public buildings—schools, offices, hospitals, and other single-story or multistory
structures. They consist of a grid of columns and beams which support plain or prestressed floor slabs. The
spacing between columns in multistory public buildings is in the range of 6–12 m, and the story height
varies between 2.80 and 4.50 m.

Two examples of linear systems for public buildings are shown in Fig. 2.3— one used for garages
(Fig. 2.3a) and the other for multistory offices (Fig. 2.3b).

A general description of linear systems and their methods of analysis and design are included in Refs. [9, 10]. 

Elements and connections

Typical linear elements are shown in Fig. 2.4. Beams (a)–(c) are used as a direct support to floor slabs. The
width of rectangular beams (a) is usually at least 300 mm, and their width-to-height ratio ranges from 1:1 to
1:3. Beams (b) and (c) have additional ledges 150–200 mm wide for slab support on one or both sides. Beam

Figure 2.1 Typical schemes of industrial linear systems
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(d) is used for large spans: its varying height and recessed flanges allow an optimal adaptation of material to
the imposed stresses. Joists (e) and (h) are used to support lightweight roofing and girders (f) and (g) are
used in bridges and other heavily loaded structures. Columns (i) may be several stories high and include
corbels to support beams on each story. Columns (j) are mostly used in industrial  buildings. Block (k) and
formed (l) footings are mostly used in industrial buildings. The dimensions of the various beams and girders
used in skeletal systems depend on their span, the loads applied, their materials, and special architectural
and economic considerations. Their height-to-span ratio is, in most cases, in the range of 1:10 to 1:20.
Prefabricated beams of the length exceeding 5–6 m are usually prestressed. Tables and nomograms for
selection of linear elements are given in Refs. [2, 3, 15, 17] and other sources.

The main methods of load transfer between supported and supporting members—beam to girder, column
to column, or column to footing—are the following:

1 Through steel plates or angles. The steel elements embedded in both connected members are welded
or bolted to each other in a similar manner as in steel structural members. Welding severely restrains

Figure 2.2 Examples of linear systems for industrialized buildings: (a) industrial hall; (b) light agricultural shed
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any possible movement of a supported member caused by temperature changes or other effects, and
may in such cases introduce additional stress to the structure.

Figure 2.3 Examples of linear systems for public buildings: (a) multistory car park; (b) office building 
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2 Through bearing pads, made of elastomeric materials (neoprene), laminated fabric, synthetic fibers,
and other materials. Such pads allow a certain measure of freedom of movement to supported
members.

3 Through concrete grout. The grout, which is 20–30 mm thick and consists of a 1:3 cement-to-sand
mix with a stiff consistency, is spread on a concrete bearing to provide a uniform load distribution
over the connected surface.

The bearing area is calculated, in each case, according to the loads to be transferred and the permissible
stresses in the various materials. Typical connections recommended by PCI and other sources [2, 10, 11, 17]
are shown in Fig. 2.5. Connections between column and footing are shown in (a) and (b). Connection (a)

Figure 2.4 Typical linear prefabricated elements: (a)-(d) beams; (e), (h) joists; (f), (g) girders; (i), (j) columns; (k), (l)
footings 
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between column and cast in situ footing uses a steel base plate anchored to a column and bolted to bars in
the footing. A connection similar to (c) may be also employed for this purpose. Connection (b) is used for a
column and a precast footing. Connection in columns can use a bolted support (c) or welding between steel
fixtures (plates or angles), embedded in both members, as shown in Fig. 2.3(b). Connections between a
beam and a column as shown in (d) and (e) can use a dowel-sleeve entry or welding of steel fixtures
anchored to connected elements. A dowel-sleeve connection can be also used for beam or girder (f) or
column on girder support. The hidden connection (e) may be preferred for aesthetic reason, and is applied in
residential and office buildings. A corbel supported connection (d) is preferred structurally and is mostly
applied in industrial buildings.

A moment-bearing connection between precast elements can be obtained by welding of tension bars or
profiles protruding from one element to bars or plates anchored in the other, as shown in a detail in
Fig. 2.3(a).

The various methods for attaching structural plates, angles, and other inserts to precast elements are shown
in Fig. 2.6. The inserts can be attached with regular bolts into receptacles as shown in Fig. 2.6(a) or directly
into predrilled holes with expansion bolts as shown in Fig. 2.6(b). They can be anchored in concrete with
headed studs [Fig. 2.6(c)] or welded to rebars [Fig. 2.6(d)]. Such inserts can transfer tension or shear forces
between connected members. An analysis of connections of linear elements is included in Refs. [11, 14, 15]
and other sources. 

It was already noted that linear precast concrete framing systems are similar in nature to their steel
counterparts. They can transfer heavy loads over large spans and allow a considerable freedom in utilization
of free space between columns. They must be used, in most buildings, in conjunction with other space-
enclosing or space-dividing elements—built onsite or prefabricated. 

2.3
Planar systems

Probably the most widely used types of prefabricated system are those employing planar or panel-shaped
elements for floor slabs, vertical supports, partitions, and exterior walls. Unlike linear systems, which are
mainly employed as structural framing, planar systems also fulfill interior and exterior space enclosure
func tions. They may be prefabricated with a considerable amount of finish work— exterior finish, thermal
insulation, electrical conduits and fixtures, plumbing, door and window frames, and others—and therefore
significantly reduce the content and amount of skilled labor onsite. Planar systems are therefore most often
used in residential buildings, offices, schools, hotels, and similar buildings with moderate loads and large
amounts of finish works.

General principles

Several examples of planar system solutions applied to a typical residential building are shown in Fig. 2.7.
Figure 2.7(a) shows a system of floor slabs supported on parallel bearing walls referred to often as cross
walls. Relatively short spans (3–4 m) typical of homes and small hotel rooms allow for the economical use
of room-size floor components. The size of these slabs, as their name implies, can be determined from the
planned room outlines, so that their joints are not seen by the user. This is an aesthetic and often a
functional advantage. On the other hand, room-size components necessarily impose a rigidity with respect
to possible changes in interior location of supporting walls.
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The necessary lateral stability in planar systems is attained by monolithic structural elements, mostly
interior cores, and by special jointing provisions, prescribed by the structural codes.

Figure 2.7(b) shows a system of modular slabs supported on cross walls. Such slabs require less labor
input in production and, due to their special configuration, as explained later, are more economical in terms
of material for larger spans. Consequently, they allow wider spacing (7–10 m) of supports and, as shown for
this particular layout, complete freedom of partitioning inside a given dwelling layout. Figure 2.7(c) shows
the same type of slabs supported on exterior walls which allows even more freedom in interior partitioning

Figure 2.5 Typical connections between linear elements: (a), (b) column to footing; (c) column to column; (d), (e) beam
to column; (f) beam to girder
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of the total building. On the other hand, the width of these slabs, mostly 1.20 m (in special cases 2.40 and 2.
70 m), precludes the hiding of joints, which was possible in the case of room-size slabs.

Figure 2.7(d) shows a “hybrid” system, which uses, in the same building, linear elements for structural
supports and planar elements for partitions and space enclosure. The advantage of this system with respect

Figure 2.6 Connection inserts and fasteners: (a) bolt and receptacles; (b) expansion bolt; (c) headed struts; (d) welding
to bars
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to flexibility of design was already mentioned before. However, adaptations of linear to planar elements,
especially beams and columns to walls, may pose some architectural inconvenience.

The dimensions of planar components are determined by their support system, by the layout of enclosed
spaces, and by other architectural design features. They must also conform to the width and height
transportation constraints and the lifting capacity of erection equipment. The weight of planar precast
components usually does not exceed 50–80 kN, which allows their erection with cranes of a 800–1200
kN•m lifting capacity, assuming that the required reach does not exceed 15–20 m. The weight of
components may be reduced by using, for their production, lightweight concrete, as explained in Chapter 5.
The main components of a planar system are presented in the following sections. 

Floor slabs

Horizontal slab components are used in intermediate building floors, flat roofs, ground floors, landings, and
platforms. Several types of precast elements are used for this purpose:

Room-size panels

Room-size panels conform to room outline underneath them, as shown in Fig. 2.7(a). The thickness of room-
size slabs, required for structural reasons, depends on their supporting conditions and the superimposed load.
A typical 3–4 m room span requires, under a moderate load, a slab thickness not in excess of 120–130mm
(acoustical considerations may necessitate, for such thickness, special types of flooring). Solid slabs 180–
200mm thick may be used for spans of up to 5.50m. The width of a room-size slab is limited by traffic
regulations in various countries to 3.60m (or even 2.40m) if slabs are transported horizontally. If they are
transported in a vertical position, their width may reach 4m, and on especially adapted trailers even 5 m.

Slabs are usually supported along edges on bearing walls or beams as shown in Fig. 2.8(a), (b). The
length of support should be at least 60mm, allowing for positioning and production tolerances. This length
may be reduced to a minimum if a temporary support is provided until attaining later a monolithic
connection, as in Fig. 2.8(d). A moment connection can be attained by splicing or welding of top
reinforcement, as in Fig. 2.8(c).

The main advantages of room-size slabs are as follows:

• They are very easy to manufacture even under field conditions.
• They utilize room-width (3.00–4.00m) spaced supports and therefore are relatively economical in terms

of their concrete and steel usage.
• The joints between slabs are invisible to the user and are therefore preferable from the aesthetic

viewpoint.
• They also do not require, for this reason, concrete topping or special structural connections to ensure a

common action of adjacent panels.

The limitations of room size panels are as follows:

• Their production requires more labor than the production of standard modular units.
• They require more design work.
• They are limited to relatively short spans.
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• Their use limits the possibility of future changes. Since they are supported on interior space dividers

Figure 2.7 Different systems of planar elements: (a) room-size slabs on cross walls; (b) modular slabs on cross walls;
(c) modular slabs on exterior walls; (d) slabs on beams and columns 
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(walls, partitions), any change in location of these elements may cause serious structural problems. 

Modular hollow core slabs

These are shown in Fig. 2.9. Their most common width is 1.20m, although 0.60, 0.90, 2.40 and 2.70 m
widths are also available. The hollow core slabs are usually prestressed, although in some systems
nonprestressed slabs are also used for spans of up to 6.50m. The prestressed slabs shown in Fig. 2.9(c) and
(d) can be used for spans of up to 15.00 m and a thickness of up to 300 mm. In spans exceeding 6–7 m the
prestressed elements require, in various codes, a 50 mm “topping” with a reinforcing mesh, to ensure their
uniform and monolithic performance. In general, the economical thickness of prestressed hollow core slabs
used for residential and office buildings is about 1/30–1/45 of their span. The prestressed hollow core slabs
are mostly used in public and commercial buildings, where large open spaces are needed or where users
require frequent changes in interior space layout. In such cases they may be supported on exterior walls, as
in Fig. 2.7(c) or on columns-beams framing, as in Fig. 2.7(d). When used in dwellings, they are mostly
supported on interdwelling cross walls, as in Fig. 2.7(b). The reduced weight of hollow core slabs (about
65% of a solid slab) allows for more econom ical utilization of materials. The core may be used for transfer
of electrical conduits and plumbing pipes. The uniform shape and dimensions of these elements allow a
very labor efficient, albeit capital-intensive, production process. The joints between elements, which cannot

Figure 2.8 Room-size slab: (a) view, (b) section; (c) moment connection; (d) with temporary support
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be hidden here (as with room-size components), require very careful design for a satisfactory visual effect
and a careful erection process to prevent differential camber of adjacent slabs. Careful filling of joints
between elements is essential to prevent water leaking between floors. This, and addition of topping for larger
spans, requires more work onsite in their erection than with room-size solid slabs. 

Tee or double-Tee prestressed beams

These elements of modular width—2.40 m (and occasionally 3.00 m)—are shown in Fig. 2.10. They are
used for heavy loads or very large spans—of up to 30m— mostly bridges, heavy industrial buildings, and
sport facilities, in conjunction with columns and linear framing systems. The particular shape and height of

Figure 2.9 Hollow core slab: (a) prestressed slab; (b) nonprestressed slab (with ledges); (c) section through prestressed slab
(supported on wall); (d) section through prestressed slab (supported on beam); (e) section through nonprestressed slab
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Tee and double-Tee beams—1:20 to 1:25 of their span—require special architectural attention and often an
extra soffit underneath. Their height adds to the total required height of the building and thus indirectly to
its cost. Because of their initial camber and large spans, these beams require special connections between
them, or a 50-mm topping layer, or both, to ensure their common action under load. A support detail of a
Tee or double-Tee beam on a girder is shown in Fig. 2.10(d). It uses an elastomeric pad to transfer the
heavy load to bearing and is also attached at the top by a bolted or welded connection.

Other types of floor component

Other types of floor component are occasionally used with various systems. Ribbed (or cassette) slabs of
modular width (1.20–2.40m), shown in Fig. 2.10(c), are used for large spans in public buildings or in
conjunction with columns. Thin plates used in a composite construction with cast onsite concrete will be
shown in section 2.5.

The applicability range of various floor slabs is shown in Table 2.1. Standard dimensions and
reinforcement of solid slabs, hollow core slabs, and Tee beams are given in Refs. [3, 15] and manufacturers’
specifications.

Interior walls

Interior walls may act as vertical load-bearing supports to floor slabs or as partitions, that is, vertical space
dividers. The thickness of precast interior load-bearing walls is usually at least 140–150 mm. Their shape
and connection details are shown in Fig. 2.11.

The height of interior wall panels in residential and similar buildings is 2.50–2.80 m. The length of the
wall element is determined by layout configuration and lifting capacity of production and erection
equipment. Usually, it does not exceed 6.00–7.00 m.

Precast interior wall elements often contain door frames, electrical conduits, and other inserts,
prepositioned with their fabrication.

Non-load-bearing partitions may also be room-size concrete elements 60–70 mm thick with a similar
configuration to that of interior walls. Other types of partition often used with precast concrete elements are
made of cellular lightweight concrete or gypsum boards. Cellular concrete (density of 500–700 kg/m3)
panels, shown in Fig. 2.12(a), have a modular width of 500–600mm, room-size height, and a thickness of
100 mm. Gypsum partitions, shown in Fig. 2.12(b), use 10–12 mm boards attached to both sides of a metal
or wood frame. 

Exterior walls

Exterior walls form, together with the roof and the ground slab, a building envelope. They may therefore
perform most or all of the following functions: (1) space enclosure, (2) thermal insulation, (3) sound
isolation, (4) exterior finish, 
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Table 2.1 Applicability range of various types of floor slabs

Type of floor Span (m) Width (m) Height (mm) Typical height-to-span ratio

1.00–6.00 2.00–4.00 100–200 1:25–1:30

Figure 2.10 Precast floor elements (formed): (a) double-Tee; (b) single Tee; (c) cassette slab; (d) support detail
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Type of floor Span (m) Width (m) Height (mm) Typical height-to-span ratio

4.00–20.00 0.60; 0.90;
1.20; 2.40

140–500 1:30–1:40

10.00–25.00 2.40; 3.00 300–800 1:20–1:25

15.00–30.00 2.40; 3.00 300–1200 1:20–1:25

2.00–7.50 200–300 1:20–1:25

2.00–6.00 2.00–3.00 100–200 1:25–1:30

(5) housing of windows, electrical conduits, and fixtures, and (6) structural support for floor slabs.
An exterior wall that performs all these functions is usually of a “sandwich” type; it is composed of

several layers—exterior finish, concrete leaves, and insulation layer between them. It often contains a
window frame (sometimes a fully painted and glazed window), electrical conduits, and various inserts.

A typical sandwich wall and its connection details are shown in Fig. 2.13. An exterior sandwich wall may
merely act as an interior space enclosure or also as a structural support for horizontal slabs. In the latter case,
the thickness of its interior load-bearing leaf should be at least 120 mm. If the interior leaf has no load-
bearing function, its thickness may be reduced to 80 mm. The thickness of the exterior concrete leaf (excluding
decorative finish) depends on the configuration of the joint and the location of the insulation layer. The two
concrete leaves (exterior and interior) can be connected by concrete “bridges” or merely by steel dowels,
which is preferable with respect to thermal performance of the wall. The thickness of an insulation layer—
usually polystyrene—may vary between 20 and 100mm depending on the required thermal performance of
the wall, as explained in Chapter 4.

The connection of a slab to the wall depends on structural considerations. If needed, the reinforcement of
the slab can be spliced or welded to the wall’s  reinforcement in the space between them. The space is filled
with concrete and the upper wall element is positioned on an elastic band and a drypack. The detailed
configuration of a weather joint will be examined in Chapter 5.

The exterior appearance of the wall panel is a very important architectural consideration and sometimes
the main reason for the selection of a prefabricated system. The following major types of finish may be
applied to the exterior of a wall panel:

• Cladding with special finish layer—for example, marble, stone, exposed aggregate of special shape or
color, or mosaic.

• Painting of exterior surface or adding color pigment to panel concrete or to its exterior layer.
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• Mechanical treatment of exterior surface by brushing, troweling, sandblasting, bush hammering, and so
on.

• Giving a special shape or texture to the exterior by appropriate structuring or lining of the mold.

These alternatives are discussed in more detail in Chapter 5.
The usual thickness of a sandwich wall is 200–280mm depending on the thickness of the insulation layer.

The height of a one-story wall is 2.70–3.50m. That of a two-story wall—5.40–7.00 m—exceeds in most
cases the height permitted by traffic regulations. The length of the panel depends on the general modular
pattern of the building. The pattern of exterior walls will conform, in most cases, to the pattern of the
supporting structure (walls or columns) and fenestration. Consequently, the usual length of exterior walls in
residential and similar buildings is 3–4m (one-room size) or 6–7m (two-room size). 

The overall dimensions of the sandwich wall elements will depend, as with other precast elements, on the
lifting capacity of the production and erection equipment. The 4–7 ton panels are most common, although 8–
10 ton elements are also used.

Although a “sandwich” exterior wall has the obvious advantage of fulfilling most envelope functions, it is
by no means the only type of precast wall element. Plain, solid wall panels are occasionally used with or
without prefabricated exterior finish. An insulation and an additional layer of gypsum board or blocks on
the inside may be added to the precast exterior shell onsite. Such walls can be much thinner (100–120mm),
lighter than the sandwich walls and easier to manufacture in plant. They require more work onsite but allow
more finish flexibility to the user.

Figure 2.11 Precast concrete interior wall/partition: (a) axonometric view; (b) connection detail

32 INDUSTRIALIZED AND AUTOMATED BUILDING SYSTEMS



A welding connection of an exterior nonload bearing facade to a slab supporting beam is shown in
Fig. 2.13(c) .

Other types of exterior wall are shown in Fig. 2.14. Modular double-Tee [Fig. 2.14(a)] or flat slip formed
[Fig. 2.14(b)] modular panels prefabricated with insulation and exterior finish are often used in public or
industrial buildings and allow an undilated wall height of up to 12 m. Thin concrete plates inserted between
columns [Fig. 2.14(c)] can provide an inexpensive solution for exterior envelopes of industrial buildings.

The floor or roof slabs can be supported on a corbel as in Fig. 2.14(a), or on an angle welded or bolted to
a plate, as shown in Fig. 2.14(b).

Examples of planar systems

Examples of planar systems are shown in Figs 2.15–2.18.
A typical system of the Danish prefabrication industry (Hojgaard and Schultz) is shown in Fig. 2.15.

Floor slabs are made of nonprestressed modular hol low core components (as shown in Fig. 3.10). They are
supported on exterior sandwich wall panels and interior walls. Special sanitary wall elements are also used.

A typical Israeli field plant system (described in Chapter 5) is shown in Fig. 2.16. It uses 130mm thick
room-size floor slabs, 250 mm thick sandwich exterior walls, and 140 mm thick interior bearing walls.

The Fabcon system shown in Fig. 2.17 uses prestressed hollow core “Span-deck” elements for floor slabs
and for exterior walls.

A British Dow Mac system, typical for large, heavily loaded public and industrial buildings, is shown in
Fig. 2.18. The system employs double Tee components of varying height supported on beams, columns, and
exterior walls also made of double Tee components.

The Yugoslavian IMS system, shown in Fig. 2.19(a)–(c) has precast columns —one, two, or three stories
high, spaced at 3–9 m spans (4.20 m×4.20 m grid is most common for residential buildings). Large ribbed

Figure 2.12 Lightweight partitions: (a) cellular concrete; (b) gypsum board 
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slabs, 220–360mm thick, are attached to columns by poststressing the whole floor after its erection.
Sandwich exterior walls, stairs, and partitions are added to the structure after its erection. Elements 150 mm
thick are used both as interdwelling partitions and shear walls to provide sufficient rigidity to the system.

Planar prefabrication systems are described extensively in the literature. An extensive overview of French
systems is given in Ref. [12], of Danish systems in Ref. [8], of Polish systems in Refs. [1, 10], and of
German systems in Ref. [2]. Other specific systems are described in various trade journals and publications.
A  general information about planar systems can be found in Refs. [4, 5, 10, 19] and other sources.

Figure 2.13 Exterior wall: (a) sandwich wall element; (b) typical section; (c) facade element (reinforcement of joints not
shown)

Figure 2.14 Special types of exterior wall: (a) double-Tee with a corbel for slab support; (b) slipformed sandwich wall
and connection to slab and footings; (c) plates and columns 
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2.4
Three-dimensional (box) systems

The three-dimensional systems use, as their main building element, box units that contain concrete walls
and floors. The units can be either cast in boxlike molds or assembled in the plant from panel elements. In
both cases, they can contain a substantial amount of finish works—wall and floor finish, electrical wiring
and fixtures, painted and glazed doors and windows, plumbing pipes and fixtures, kitchen cupboards, and so
on—which are made in the plant before shipping the module to an erection site.

The size of the three-dimensional modules is determined by transportation and erection considerations.
Accordingly, they are mostly of one-story height (2.80–3.00 m) and 3.50–4.00 m width, which is the maximum
permitted in various countries by traffic regulations. Their length is limited due to weight constraints to 6.
00–10.00 m. The resulting weight of 300–400 kN is within the limit of what heavy mobile cranes can
handle at the minimum reach required for erection, namely, 10–15 m. Modules produced from lightweight
concrete can be slightly larger.

The three-dimensional modules can contain more finish works than other prefabricated forms. The
systems that employ them can therefore fulfill, better than others, the ultimate objective of industrialization
—a maximum saving of human labor onsite. However, they also suffer from several limitations. A
“friendly” building layout, which can be effectively partitioned into three-dimensional blocks of required
dimensions, is an essential for their employment. In this respect three-dimensional units are much less
flexible than linear or even planar elements, which can be used in almost any architectural layout with
relatively minor adaptations. Another limitation of these units is their considerable weight and bulkiness,
which make transportation and erection a rather involved and costly process. Finally, the use of three-

Figure 2.15 Danish prefabrication systems (Hojgaard and Schultz) 

BUILDING SYSTEMS AND COMPONENTS 35



dimensional units in buildings in excess of three or four stories requires special structural adaptations, which
again make them less competitive with conventional or other prefabricated methods.

For these reasons three-dimensional units are usually employed only when their characteristics can be of
distinctive advantage to the user. Here are some examples of such conditions:

1 In small buildings—for example one-family houses, sanitary units, offices, motels, and army barracks
—which can easily be predesigned in accordance with dimensions of available modules. Examples of
such buildings are given in Fig. 2.20.

2 In regular multistory buildings well adapted to particular dimensions of the modules.

Figure 2.16 Field plant system (Israel): (a) general scheme; (b) vertical section; (c), (d) horizontal sections
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3 At building sites where there is a severe shortage of skilled labor, in particular in finish works, or
where their cost is considerably higher than at the plant location.

4 In situations where the speed and simplicity of erection have a significant economic or operational
value. This may happen under harsh ambient conditions or under special hazards associated with the
erectionsite.

A prominent application of three-dimensional modules—the Habitat in Montreal, Canada—is shown in
Fig. 1.5.

There are several methods of building with three dimensional elements:

1 Using box elements as structurally and architecturally independent units, as shown in Fig. 2.21(b) . It
is the most efficient approach in terms of saving of additional work onsite. The thickness of floor and
wall elements in the box unit is usually around 100 mm for interior elements and 150–200 mm for

Figure 2.17 Fabcon system for public and industrial buildings: (a) general scheme; (b) connection details
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exterior (floor and envelope of the building) elements. An example of such a “box” is shown in
Fig. 2.21(d) and designs of one-story buildings made of “boxes” are shown in Fig. 2.20 (by Ashkubit
Co.). A special pattern of independent units is shown in the Habitat project (Fig. 1.5).

2 Arranging the box units in a “checkerboard” fashion, as shown in Fig. 2.21(b). An example of this
approach is the Shelley system which has been developed for Operation Breakthrough in the United
States (see Section 1.1). The box units create usable space between them, which can be closed from
the outside with exterior wall panels, but this requires additional finish works onsite.

3 Stacking the box units into a cast onsite or a prefabricated linear system, as shown in Fig. 2.21(d). It
relieves the boxes from the structural support function for any height of building. An example of such

Figure 2.18 Dow Mac system (United Kingdom): (a) general scheme; (b) support of slabs on a girder; (c) support of
slabs on exterior wall
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an approach is the Danish Conbox, system where the frame relieves the individual units from the
structural loads for any height and pattern of building.

A special class of lightweight “boxes”—made of lightweight concrete or plastic materials—is used as a
comprehensive sanitary unit comprising bathroom, toilet, and, in certain cases, kitchen fixtures, as shown in
Fig. 2.27 (p. 51).

It is impossible to review the various box systems that are, and have been, employed without mentioning
at least the “manufactured” or “mobile” homes.  

These prefabricated lightweight units are manufactured offsite with a maximum amount of finish works
and fixtures included in them. Because of their particular nature, the manufactured homes constitute a
distinctive and prominent segment of the building market in some countries and deserve a special
discussion, which is, however, outside the scope of this book.

It would be also worthwhile to mention in this context the Japanese Misawa system. This system
combines steel made box units with cast in plant exterior light-weight concrete walls. Their production will
be reviewed in Chapter 12.

2.5
Partially prefabricated systems

Very often individual prefabricated elements are used in conjunction with conventional framing—concrete
or steel. Typical elements used for this purpose are modular hollow core slabs, Tee beams, thin membrane
plates, girders, exterior walls, and stairs. Systems using these elements combine flexibility and
the monolithic nature of conventional framing with saving in formwork, masonry, and various finish works
substituted by prefabrication.

A special group of systems, often referred to as “industrialization onsite”, or simply as “industrialized
building”, combines intensive utilization of various precast elements with highly rationalized framing
construction methods. Typically, in “industrialization onsite” the structural system consists of horizontal
slabs supported on a series of parallel “cross walls” spaced at a distance of 3–6 m. Walls and slabs are cast
in large room-size steel or timber forms transferable as one unit from one casting place to another. The
remaining envelope and interior partition components can be built conventionally or made of precast
elements. The most common variants of such industrialized systems are the following: 

a The tunnel method, illustrated in Fig. 2.22, uses (inverted) L-shaped steel molds for casting of cross
walls and slabs. Full tunnel molds are also used, albeit less frequently. The erected molds have
reinforcement, electrical conduits, and often door frames, fixtures, and various inserts preplaced
before casting, very much in the same manner as batteries for interior walls in prefabrication plant.
They therefore produce a structure containing a considerable amount of finish works. The tunnel units
must be very robust and precise to allow for repetitive use onsite. Except for the basic tunnel units,
the system uses other mold elements for easy access, molds removal, molds transfer, and various
inserts, as shown in Fig. 2.22(a). The typical dimensions for an L-shaped form, shown in Fig. 2.22(b),
are modular lengths of 1.25 or 2.50m, adjustable heights of 2.40–2.60 m, and widths ranging from 1.
20 to 3.00m (at modular intervals), which allow their adaptation to a large range of spans. The weight
of a mold seldom exceeds 10–15 kN. The tunnel method is very labor efficient for concrete framing,
and enjoys most of the advantages of precast and conventional building. However, it needs for its
most effective application, a fairly regular “honeycomb” design, adaptable to the special shape of the
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forms. It also requires a considerable setup effort onsite and can therefore be most economically
applied in large projects—hotels, apartments—which contain many repetitions of a basic cross wall
module.

Figure 2.19 IMS system (Yugoslavia): (a) general scheme; (b), (c) prestressing and columns connection; (d) picture 
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b The “tables” method uses, instead of tunnels, separate vertical forms for walls and horizontal table
forms for floor slabs, as shown in Fig. 2.23. The work is done in two stages. First, the walls are
formed and cast, and then wall forms are stripped, the tables are positioned, and the horizontal slabs
are cast. The method is somewhat less labor efficient than the tunnel method; however, it is more
flexible with respect to layouts to which it can be applied and less demanding with respect to
precision and quality of the forms.

In both methods (a) and (b) the vertical support components do not have to be continuous. By “blocking”
parts of the vertical mold the continuous wall can be turned into columns with the supported slab becoming
in effect a flat slab.

c Flexible molds. The former types of molds are somewhat rigid in terms of the configuration of the
inner space for which they can be efficiently applied. More flexible “industrialized” molds (made by
Peri, Noe and other producers) are made of small modular components with very simple connections
between them, which can be easily assembled into the required configuration of exterior and interior
walls, and floor slabs of the desired size. In projects with a certain extent of repetition the components
can be assembled into large units of table or wall and then repetitively used.

Figure 2.20 Detached buildings made of “box” units: (a) dwellings; (b) sanitary units—lockers, showers, toilets; (c)
prayer house
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d Vertical molds for walls (as in (b) or (c)) with thin prefabricated plate elements, as shown in
Fig. 2.24(a). The composite construction shown in Fig. 2.24(b) is composed of prefabricated plate
(usually 40–60 mm thick) and an additional cast in situ topping of 100–150 mm. The plates can be of
modular or room-size width, prestressed or stiffened by trusses, and are used for spans of up to 6 m. 

e Thin plates for walls and slabs, as shown in Fig. 2.24. The walls are made of two vertical plates with
a truss between them. The space between the plates depends on the desired thickness of the wall when
it is filled with concrete, after erection.

f Joist-block composite floors which can be used with prefabricated wall components or with masonry
walls. The floor is made from reinforced concrete or prestressed concrete joists and concrete blocks,
covered with a concrete toping of 40–50 mm, as shown in Fig. 2.25. The blocks can be placed
manually or assembled and raised as a composite panel 2.00–2.50 m wide.

Figure 2.21 Different arrangements of “box” units: (a) separate units; (b) “checkerboard” pattern; (c) framed units; (d) a
typical “box” element
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Figure 2.22 Tunnel molds methods: (a) total system; (b) main elements (Outinord Co.) 
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As mentioned before, all these framing systems may use, for their complementary components, precast
exterior walls, partitions, stairs, or sanitary units. The weight of such elements is usually limited to 1.5–2.0
tons, so that a regular crane onsite could be used for their erection.

2.6
Service systems in prefabricated building

An important issue in the design of prefabricated systems is the integration of various utility systems in the
prefabricated assembly.

The main systems which have to be considered in this respect are:

1 Electrical and communications system

Figure 2.23 Table molds methods (a) table mold; (b) wall mold

Figure 2.24 Composite construction: (a) thin plate element; (b) composite element; (c) wall element
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2 Water supply system
3 Sewage disposal system
4 Heating/air conditioning system

Each of these systems includes:

• A central facility or a central connection to a municipal distribution/ disposal network.
• An internal distribution network—ducts, pipes or conduits.
• Discharge fixtures: lamps, faucets, sinks, sockets, radiators, etc.

The main problem in each of these systems is the integration of the distribution elements with the
prefabricated assembly.

The following basic solutions (Fig. 2.26) can be applied:

1 Embedding of the distribution elements—pipes, conduits, etc.—in the structural floor slabs and walls
during their production in the plant. This solution is most economic in terms of space requirement and
additional work and material onsite. It is particularly convenient in conjunction with a hollow core
slab. Its main limitations are the structural constraints—the elements to be introduced may weaken
the structure or interfere with its reinforcement. Another limitation is the difficult access to the
elements in the case of damage or faulty performance. It cannot be applied in the case of large
ventilation shafts or bidirectional pipes.

2 Placing the distribution elements in a horizontal space: suspended ceilings or elevated (installation)
floors (Fig. 2.26(b), (c)). This is a more expensive solution, which requires an additional 100–500mm
of interior height (depending on the size and layout of the elements) and an extra layer of cover. Its
main advantage is the easy access to the distribution elements when repairs or alterations are needed.

3 Placing the elements in vertical spaces—in shafts (Fig. 2.26(d)) or behind a dry wall finish
(Fig. 2.26(e)). The use of vertical shafts is convenient for transfer of large sewage or water pipes between
floors.

4 Placing the elements in the floor cover—70–100 mm thick layer of screed or sand (Fig. 2.26(f)). This
layer forms a base for tiles, terrazzo or other types of finish and often provides acoustic insulation as
well. The elements placed there do not weaken the structural slab, and in the case of sand, are easier

Figure 2.25 Joist and block system
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to access than when embedded in structural concrete. A special case of this solution is so called wet
space—a lowered floor, usually in the bathroom area, where large size plumbing is placed.

5 Leaving the elements exposed on floors and ceilings (Fig. 2.26(g)). Although easy and inexpensive,
this may be aesthetically objectionable.

A prefabricated sanitary unit (Fig. 2.27) can be made of plastic or lightweight concrete. It can house all
sanitary fixtures, together with their piping and plumbing. The unit may be extended to include a kitchen.

An extensive discussion of the various options is included in [18].  

2.7
Summary and conclusions

The prefabricated building systems may be classified according to the geometrical configuration of their main
framing components as linear (skeletal), planar (panel), and three-dimensional (box) systems.

The linear systems are composed of precast beams and columns. They are used for structures with large
spans between supports and heavy superimposed loads. Typical structures, in this domain, are industrial
buildings of various shapes and parking lots. Linear precast elements are often used as a supporting

Figure 2.26 Basic solutions for service systems 

Figure 2.27 Sanitary bathroom unit
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structure of public buildings. Large spacing between columns allows maximum flexibility of space
utilization, and readaptation in schools, hospitals, commercial buildings, and so on.

The planar systems typically use floor slabs and interior walls as their bearing components and multilayer
sandwich panels as their exterior walls. They contain a large amount of finish works—exterior cladding,
thermal insulation, electrical conduits, door and window frames. Planar systems are used in housing and in
various types of public buildings. The floor slabs are either solid and room size, or modular and hollow core.
For very long spans or heavy loads, Tee- or double-Tee shaped panels are used. Hollow core and double
Tee panels are also used as exterior walls in buildings with large story height. The dimensions of planar
elements are within constraints of traffic regulations, and their weight — up to 50–80 kN—requires heavy
erection cranes.

Three-dimensional units are mostly 2.5–3.00 m high and 3–4 m wide boxes containing a large amount of
finish works and weighing up to 400 kN. They are used mostly in small detached buildings such as houses
and kindergartens and also in condominiums, hotels, or offices of a very regular “honeycomb” composition.

Precast elements—walls, partitions, and stairs—are often used in conjunction with so-called site
industrialized methods. These methods employ for structure cast in situ floor slabs and bearing walls. Slabs
and walls are cast in large room-size molds—tunnel shaped or separate horizontal (table) and vertical molds. 

Different solutions for integration of service systems in prefabricated elements can be employed: they can
be embedded in concrete, placed in shafts, or hidden behind artificial floors and ceilings. Box units for
bathroom or kitchen fixtures can also be used.

Assignments

2.1 Prepare an erection drawing (an erection drawing, presented in Fig. 7.9, shows the partition of a
building into individual components to be prefabricated) and a list of components (presented in
Fig. 7.13) for a typical story of a residential building shown below. The interior story height is 2.60 m.
The sizes of openings can be freely selected. Use room-size floor slabs as the main horizontal
components. Show typical connection details.

2.2 Prepare an erection drawing and a list of prefabricated components for the building in assignment 2.1
above, using modular prestressed slab components.

2.3 Prepare an erection drawing and a list of prefabricated components for the industrial building, shown
below. The interior height of the building is 4.00 m. Use beams and columns as the main structural
elements.

 
2.4 Prepare an erection drawing and a list of prefabricated components for the building in assignment 2.3,

using exterior walls as supports of floor elements. Show typical connection details.
2.5 Describe in detail (structural scheme, components, connection details, erection methods) a

prefabricated building being erected in your vicinity.
2.6 Prepare a list of tunnel mold elements necessary for casting of walls and floor slabs in the dwelling

floor of assignment 2.1. The facades can be made of prefabricated wall elements.
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Chapter 3
Coordination Between Producer and Designer

3.1
Introduction

The economy of prefabrication depends very much on the adaptability of a building designed for a specific
use to the resources and method employed by a particular precaster, who will eventually be selected to
manufacture and erect the prefabricated components. It also depends on the total volume of elements to be
produced for this particular project and similar projects. Naturally, the larger a series of similar elements,
the smaller will be the cost per element associated with design, molds adjustment, and task learning of the
production crew. Even better economic results can be attained if elements used for project construction are
identical or similar to elements already produced in the plant for other projects. In such a case, no significant
setup expenses are needed.

Economy of prefabrication, for any building project, may therefore be definitely enhanced by an effective
coordination between a designer and a producer. Its purpose will be to ensure that the building could be
erected with elements produced in plant in the most efficient manner.

In general, the basic communication alternatives, between a building designer and a producer of precast
components, are the following:

1 Production is based on the architect’s design (for the client), with little or no regard to the precaster’s
considerations.

2 Production is based on the precaster’s own design, for a general or a specific type of project, in most
cases made to suit the requirements of a certain group of clients.

3 Production is based on a design that observes some general coordination rules, with respect to
dimensions and location of elements. Precasters adapt the production of elements to the same rules. 

4 Production is based on a design prepared by the client and following some common rules that ensure
its adaptation to the particular producer’s component system.

All these possibilities will be now explored.

3.2
Production based on client’s design

In this instance, elements are usually “tailor-made” for a specific design of a client, not necessarily adapted
to prefabrication. In a typical situation of this kind, the prefabrication solution must compete against



conventional alternatives in a given architectural design. Often, especially when a plant is hard pressed for
work, the precaster is forced to design and produce components for a building, which, because of its shape,
is ill-suited for his own or perhaps any other prefabrication method.

It is true that from the purely technological viewpoint, almost any architectural requirement can be
satisfied with prefabrication, as illustrated in Figs. 1.3–1.5 in Chapter 1. Moreover, in some cases,
prefabrication may be the only feasible solution to satisfy it. In more routine circumstances, the client may
be well advised, if he also considers prefabrication alternatives, to give the precaster some freedom in the
shaping of building components in view of the particular features of his system.

At the extreme, the client can define the desired building merely in terms of its spatial requirements, that
is, the spaces needed for the various functions in the building and some other preferences as to their desired
location and mutual proximity. The spatial needs can be accompanied by other performance requirements of
the user, as explained in Chapter 4. The design of the building, according to these client’s needs, and its
partitioning into components are then performed by the precaster. Such an approach, referred to as a design-
build or a turnkey contract, was adopted, among others, by the U.S. Ministry of Housing and Urban
Development in the Operation Breakthrough project [16].

Preparation of spatial and other performance specifications, for such purposes, requires a considerable
professional sophistication on the part of the client. They must be prepared in a clear, precise, and exhaustive
manner, to prevent various misunderstandings during the contracting. To facilitate the communication of
spatial requirements, they can be supplemented by a conceptual layout of building floors, in a 1:100 or a 1:
200 scale with only major dimensions indicated. Such a layout scheme describes the spatial needs in a more
explicit manner but still leaves the precaster considerable freedom in the location of supports and components
shaping.

A very effective method for the description of a client’s needs was used by the Israeli Defense Ministry
as a basis for an extensive design-build project of soldiers’ quarters. The spatial requirements were defined
by means of building blocks (or cells)—rooms, sanitary units, and offices, as shown in Fig. 3.1, and
described in Ref. [12]. These blocks were then arranged in various fashions at different locations. This
approach allowed the precaster a considerable flexibility in  the adaptation of a production method: 15
different systems competed for execution of the project. It also left, however, sufficient freedom, for the
designer, to determine the overall nature of each particular building complex, which was subsequently
erected with these blocks. The blocks or cells approach can also be initiated by the precaster, as explained
later.

The main problem with prefabricated tailor-made systems even when based on “precaster friendly”
design, has been until recently one of volume. The cost involved in detailed design of components,
adjustment of molds, and other needs of production setup can be justified only by a large enough production
series for each element. An adaptation of production to architectural design can therefore be justified
economically only under the following circumstances:

1 If the special architectural requirements of the building’s exterior in terms of shape or finish give
prefabrication a distinctive technical or economic advantage over conventional methods, regardless of
the high design and production costs involved.

2 If the architectural design allows the precaster to use regular elements routinely produced in his plant.
3 If the size of the project allows distribution of design and production costs over such a volume of

components that the extra cost per component due to design and molds adjustment will not impair the
competitiveness of the industrialized method.
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Figure 3.1 Building blocks (Pazner and Brand): (a) dormitories composed of blocks; (b) main types of blocks 
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The requirement of a considerable number of similar elements is being overcome in novel prefabrication
systems by automating the design and production processes. It may be quite feasible with these building
systems to offer a different design to each individual order even if the order is very small. This will be
explained in Chapter 12.

3.3
Production based on precaster’s design

Quite often, a design of a typical building or a group of buildings is prepared by a producer or a parent
organization which is responsible for the production, erection, and marketing of buildings. The design is
intended to fulfill market requirements for a particular type of building—school, parking garage, gas
station, and so on. The shape of the building, its dimensions, and production method are determined from a
careful market study of needs and an engineering-economic analysis of the most efficient way of their
fulfillment. Such an approach, referred to as a “closed system”, may be undertaken to produce a uniform
type of building, or a group of building variants, which may be produced with a common assortment of
components. A closed system often also includes a managerial package—specifications, quantities, costs,
erection schedule, and so on. If backed by an appropriate marketing effort, it may result in the most
efficient utilization, from the precasting viewpoint, of the industrialization potential. For this reason, closed
systems were routinely used in residential buildings in the 1950s, 1960s, and early 1970s in eastern Europe
(Refs. [1, 3, 4]), Israel, and other countries with a strong involvement of central authorities in a massive
housing effort. “Model” apartment buildings, using a standard assortment of prefabricated planar elements,
were repeated many times at different locations.

Several examples of special closed systems are shown in Figs. 3.2–3.4.
The building shown in Fig. 3.2 conforms to the requirements for a standard 18 class elementary school of

the Israeli Ministry of Education, and it has been repeated with the same shape at many different locations.
The Danish system—Larsen-Nielsen LN-Nybo—extends the idea of a closed system to residential

buildings with varying apartment types, from one room (42 m2) to six rooms (130 m2). The different types
of layouts that can be created for this purpose, from the same group of components (exterior sandwich walls,
interior bearing walls, and horizontal hollow core slabs), are shown in Fig. 3.3.

A similar approach is undertaken in many other systems, which were often devised for a particular
building project to be executed or a particular type of building to be erected at different locations.

The range of applicability of closed systems could further be extended by introduction of “cell” (or
“block”) elements. A cell is referred to here as a design element of room-size dimensions, which can be
used as a building block for different layouts. Such cells have been used in Hungary by a prefabricating
factory [1], as typified elements of kitchens, bathrooms, living rooms, staircases, and so on. These cells
could be viewed as a mirror image of the Pazner-Brandt block concept shown in Fig. 3.1. They were
produced from standard elements but could be varied by an architect in different ways to attain distinctive
layouts. An even more flexible approach was based on “empty” cells, that is, modular room-size area units
using standard components for their construction. Such cells were used in the Polish systems Szczecin (2.40
m×4.80 m) various apartment layouts, and are shown in Fig. 3.4. By further reducing the area module, this
method evolved into highly flexible open-closed systems, which will be described later.

The main problem of closed prefabricated systems is one of demand. If it can attract a large volume of
orders over a long enough time period, it will be economically successful even if it involved a large number
of specialized components. Closed systems can therefore be advantageously employed under the following
conditions:
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1 The system can be applied to a very large number of projects, for example, if the system is designed
for a standard type of building with appropriate characteristics to satisfy a large and continuous
demand, such as school buildings or fast food restaurants. Alternatively, it may be structured in such a
way that it can be applied to a relatively wide range of projects. This point will be expanded on later.

2 The system is significantly advantageous in comparison to other, conventional alternatives. The
advantage can consist in price, quality, functional performance, aesthetics, or speed of execution.
Such advantages are plausible because of the elaborate adaptation of the design to its purpose and
because of the economies of scale possible with an extensive application of the system. The
advantage must be evident in order to overcome the  inherent conservative attitude of clients and
architects with regard to industrialized building methods. An evaluation of economic and
noneconomic benefits of industrialized systems is made in Chapter 10.

3 The producer is willing to conduct an effective marketing effort to communicate to clients and
designers the potential benefits of the system as explained earlier. In this respect, closed systems have
a very helpful economic environment in countries with centralized economic planning. Once a system
is selected and elaborated, it can be incorporated in design and construction of a very large number of
building projects.

3.4
Dimensional coordination

Two possibilities of communication between an architect (on behalf of the client) and a producer of precast
elements have been discussed in previous sections.  

Under the first, the design was prepared by an architect, often with no regard to production capacity of a
particular precaster. Under the second, it was prepared by the producer for a general type of building with
little freedom of adaptation to the special needs of a particular user.

In view of the limitations of the former approaches, one could desire a communication method, using
certain commonly observed design rules, which will satisfy the needs of both the designer and the precaster.
Such rules would permit an architect a maximum flexibility of design regardless of the prefabrication system
employed later, and at the same time would allow precasters to focus their production effort on a limited
number of elements with a predetermined range of dimensions and shapes.

The ultimate goal of such dimensional coordination would be a so-called “open system” of
interchangeable elements which could be supplied by different producers and could be used in any type of
design conforming to the basic rules.

A commonly accepted set of dimensional rules, referred to as modular coordination, has been adopted in
many countries as an intermediate stage toward an eventual evolvement of such an open system.
Specifically, the objectives of the modular coordination are as follows:

1 To reduce the variability of the dimensions of building components. This was to be attained by
accepting a relatively large basic measurement unit (basic module) and by limiting the dimensions of
building components to recommended preferred sizes.

2 To allow for easy adaptation of prefabricated components to any layout and for their
interchangeability within the building. This was to be attained by  defining the location of each
component in the building with reference to a common modular grid, rather than with a reference to
other components.
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The modular coordination rules in various national standards involve the following subjects: basic module,
preferred multimodules, modular reference grid, dimensions of prefabricated elements, coordination of

Figure 3.2 Yuval Gad school system (Israel): (a) general scheme; (b) cassette floor element; (c) diamond-shaped
exterior wall; (d) picture 
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vertical elements, openings, and special elements. These subjects are discussed now with special reference
to ISO (International Organization of Standardization) standards, listed in the references.

The basic module

The basic length unit or module for building components was selected as M= 100 mm. Accepting 1M as a basic
unit, instead of 1 cm=10 mm, customary in conventional construction, limits by far the number of possible
dimension variants. However, it was realized that for small dimensions, for example, a thickness of wall or
slab, using only multiples of 1M may be economically unsound. In such cases, the use of submodules of M/
2 (50 mm) and M/5 (20 mm) was also permitted.

Figure 3.3 Larsen-Nielsen housing system (Denmark): (a) various types of apartments, 1–6 rooms. [NOTE: Parts (b)
and (c) appear on next page.] 
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Preferred multimodules

In order to reduce even further the variability of large building components, for example, floor slabs or
walls, the pertinent layout dimensions should be designed in multiples of the basic module, called
multimodules. The recommended multimodules, by ISO, are 3M, 6M, 12M, 15M, 30M, and 60M.

The modular grid

The reference framework for the location of all building components is a three-dimensional modular grid
shown in Fig. 3.5(a). Its horizontal projection is shown in Fig. 3.5(b). The grid lines may be spaced at 1M
intervals—or for design purposes, that is, location of supports, space boundaries, envelope components, and
so on, at multimodular n • M intervals. Such multimodular design units are referred to as design modules.
The coefficients, n1, n2, n3 in Fig. 3.8(c)–(e), are whole multiples of design modules. If, for example, a
design module is 3M, then n1, n2, and n3 could be 3, 6, or 9. The design modules conform to the
international or national recommendations for multimodules, as explained earlier.

Several options of location with reference to the grid are offered to a designer. The components may be
located with their center line (or other reference lines in the case of asymmetrical component) coinciding
with grid lines, as shown in Fig. 3.5(c). Such a location is typical for load-bearing columns or walls.
Components or spaces may also be located between modular grid lines, as shown in Fig. 3.5(d). This is
typical for floor slabs or openings. Occasionally, components may be located near the grid lines (their edge
coinciding with the grid line) as shown in Fig. 3.5(e). Finally, they can be located in a nonmodular zone. An
example of a creation of a nonmodular zone is shown in Fig. 3.5(f). If the thickness of the bearing walls is
nonmodular, and it is important to provide a modular spacing between them, the walls can be considered as
nonmodular zones and their faces are placed near the modular grid lines. Such consideration may govern
when modular partitions, perpendicular to bearing walls, or modular floor tiles are to be applied in a

(b) typical apartments, 2 rooms and balcony; (c) 4 rooms and balcony
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Figure 3.4 SZCZECIN system (Poland): (a) different configurations of apartments made out of basic 2.40 m×4.
80 m cell (R room; K kitchen); (b) typical apartments of one room with cooking corner, two rooms and kitchen;
(c) prefabricated components 
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building. Two examples of a layout location on a modular grid are shown in Fig. 3.6. In one the main
components are placed on the modular grid, i.e. the center lines of interior walls and reference lines of
exterior walls (in this case the reference lines of exterior walls were the center lines of their interior concrete

Figure 3.5 Location of components on a modular grid (horizontal): (a) location on a three-dimensional grid; (b) modular
and multimodular horizontal grid; (c) axial location of elements on multimodular grid; (d) boundary location of
elements on multimodular grid; (e) nonmodular zone
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layer) coincide with grid lines. In the other—the exterior walls and interior partitions were placed next to
grid lines, and the supporting interior walls were placed in a neutral zone.

Reference lines (center or border lines), which determine the location of a component, are also called
control lines, and the distances between them are the control dimensions of a component or a space. In a
similar manner, a location of a component in three-dimensional space will be determined by its controlling
planes, as shown in Fig. 3.5(a). The adjacent components, in a modular coordination system, are therefore
dimensionally not related to each other, but to their controlling lines or planes, and conceptually can be
“plugged into” the grid independent of their neighbors. In practice, this independence is very much
constrained, because the adjacent elements are structurally connected to each other.

The use of a multimodular grid for the location of supports limits the coordinating dimensions of the
main horizontal components—floor slabs and beams —to multiples of the selected multimodules. In most
cases, the horizontal dimensions of the main vertical components—exterior and interior walls—are also
determined by the selected design modules. Typically, a building with smaller spans between supports, for
example, residential and similar buildings, uses smaller design modules—3M or 6M. Large space, public or
industrial buildings use large multimodules—12M, 15M, 30M, or 60M.

Production dimensions

The various prefabricated components—walls and slabs—should be located between grid lines and thereby
result in modular length. However, to allow for their jointing to supports or other components, some space
margins must be left between the component and the adjacent grid line as shown in Fig. 3.7(a). The width
of the margin depends on the connection method between this and an adjacent building component—
prefabricated or cast onsite. It also depends on a possible deviation of the final position of an element with
respect to the pertinent control line.

A deviation in position of an element may be caused by its movement or change of shape inherent in its
material and type of use. It may also be caused by inaccuracies in the building process. The latter may be
due to the following factors:

1 Production deviations from nominal size. Deviations of this type, which may affect the eventual
position of an element’s face, are caused by inaccuracy of the element’s length (or width), its
squareness, or edge straightness, as shown in Fig. 3.7(b)–(d), respectively. 

2 Deviation in setting out the control lines for positioning of elements onsite. The deviation may be
caused by the imprecise setting of distance, angle, or straightness of the line, as shown in Fig. 3.7(e)–
(g), respectively.

3 Deviation in placement of an element with reference to the control line due to translation or rotation of
the element, as shown in Fig. 3.7(h), (i), respectively.

A maximum permitted deviation range, or tolerance should be defined both for the production and the
erection process within each system quality control, as explained in Chapter 9.

The possible deviations in those various attributes, eventually affecting the position of an element with
respect to its control line, may be assumed, if there is no reason to the contrary, as independent of each
other and as following a normal distribution within the limits of their tolerance. The distribution is
characterized by its mean and standard deviation.

The standard deviation �  (see Chapter 9 for explanation of this concept) of the resulting position
deviation may then be derived from
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Figure 3.6 Floor layout on a modular grid: (a) walls located on grid-lines; (b) walls located near grid-lines 
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(3.1)

with � 1, � 2, � 3,…being the standard deviations in the position of an element due to the effect of each
pertinent factor independently of others.

The type of connection (designed in view of its inherent movement) and the production and erection
tolerances will determine the space margin s between the face of a component and a control line. It is
therefore necessary to distinguish between the coordinating or modular dimension of a component LM (i.e.,
the distance between its controlling grid lines) and its production dimension Lp, which depends on margins s
on both sides of the component, as follows:

(3.2)
It must be remembered that, due to a tolerance in production, there is a difference between the nominal and
actual production dimension of the component. The actual dimension may vary within the range of a
permitted tolerance, as shown in Fig. 3.7a.

Vertical dimensions

The coordination rules also involve the vertical projection of the three-dimensional modular grid. In the
vertical plane of a building it is convenient to distinguish between a floor zone and an interior space zone. The
floor zone, denoted by FZ in Fig. 3.8(a), encompasses the structural slab and the floor finish layer, and the
interior zone encompasses the space between them. The controlling vertical dimension may be either the
total story height or the interior space height. The total story height extends between the controlling planes
of the upper face of floor zones on two adjacent floors, and the interior space height extends between the
controlling plane of the top face of the floor zone on the lower floor and the  controlling plane of the bottom
face of the floor zone on the upper floor, as shown in Fig. 3.8(a).

ISO recommends that the modular story height and the modular interior space height be chosen from the
following modular sizes: up to 36M—1M increment step (i.e., 1M, 2M, 3M etc.); from 36M to 48M—3 M
increment step; above 48M—6M increment step.

The preferred total story heights for residential buildings, in most national standards, are 27M, 28M, and
30M. This dimension controls also the height of exterior prefabricated panels and of staircases between floors.
The alternative vertical controlling dimension is that of the interior space zone. Its preferred size is 24M,
25M, or 26M. The interior space determines the height of bearing walls, partitions, and wall finish. If the
thickness of the floor zone is modular (e.g., 2M for hollow core slab with PVC finish, or for solid slab with
sand and terrazzo tiles finish), both the overall height and the interior height can conform to the above-
mentioned modular requirements. Otherwise, only one can be selected as controlling modular dimension
and the other, derived from it, will be nonmodular.

Some other building components are also defined in various countries in terms of their preferred modular
sizes. Preferred sizes, for doorsets, windows, stairs, and kitchen equipment, are defined by many national
standards.

The recommendations for doors, windows, and other openings refer to their modular dimensions. For
reasons explained before, the production dimension of a component will be somewhat smaller, and of the
opening somewhat larger, than the modular dimension, as shown in Fig. 3.8(b) and (c). Other elements with
modular sizes, recommended in the standards of some countries, include blocks, bricks, tiles, flat and
corrugated sheets, and plasterboards.
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Figure 3.7 Production and erection dimensions and deviations: (a) modular, production, and actual dimensions of a
component; (b)–(d) production deviations; (e)–(g) setting out deviations; (h), (i) positioning deviations. 
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The main modular coordination standards for the United States, United Kingdom, Federal Republic of
Germany, and International Standards Organization (ISO) are listed in the references. The standards for
additional countries are reviewed in Ref. [5].

The contribution of the rules of modular coordination to the standardization process of main building
components can therefore be summarized as follows:

1 The controlling dimensions of horizontal components—slabs, beams, and girders—are limited to
multiples of preferred multimodules.

2 The controlling dimensions of vertical envelope components—exterior walls, columns, and cladding
—are limited to the preferred sizes of overall floor height or derived from preferred sizes for the
interior height.

3 The controlling dimensions of interior vertical components—bearing walls and partitions—are
limited to the preferred dimensions for interior story height or derived from preferred dimensions for
overall height.

4 The thickness of walls, slabs, and the cross section of beams and columns is limited to multiples of a
basic module or preferred submodules.

5 The controlling dimensions for doors, windows, stairs, and some other interior fixtures are limited by
their preferred sizes.

The modular coordination rules may therefore assist in considerably reducing the variability of building
components without imposing excessive constraints on architectural flexibility. 

3.5
An open system

Despite the obivous contribution of modular coordination to standardization in building, the ultimate end of
an open system—a free interchangeability of components of different products and technologies—cannot be
attained with the present set of rules for two main reasons:

1 Differences in joints and connections. The nature of connections affects not only the shape of
adjacent components but also, as explained before, their production dimensions. Elements from
different systems, even when strictly conforming to general coordination rules, cannot be jointed
without using a similar connection technology.

2 Nonmodular and nonuniform thickness of key building components such as walls and floor slabs. The
thickness is nonmodular (in terms of whole basic modules) and nonuniform for economic reasons. It
is adapted to an optimal use of material in view of varying span, load, and desired performance. The
thickness of slabs affects the height of walls and partitions; the thickness of walls affects the length of
components enclosed by them, or perpendicular to them, for example, partitions and floor tiles. For this
reason, the standardization of controlling dimensions is, by itself, not sufficient to allow for
interchangeability of components from different systems. A varying thickness of components, due to
specific load or span conditions, may preclude standardization even within the same system.

These difficulties could be overcome by a nationwide or worldwide introduction of a true open system. It
requires, in addition to generally accepted modular coordination rules, a standardization of dimensions for
each group of components, and also of joints and connections between them. Such an approach definitely
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Figure 3.8 Controlling vertical dimensions: (a) story height dimensions; (b), (c) window and door set dimensions; (d),
(e) location of elements in a space grid 
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ensures a full coordination between designers and producers, since both design and production conform to
the same standards. The benefits of full standardization to prefabrication industry are obvious: large
production series, higher specialization of labor, smaller setup costs and times, better utilization of molds,
and economies of scale. Despite those benefits, such a comprehensive approach to standardization in
building was seldom fully attempted on a national scale. The two prominent exceptions, which went a long
way toward an introduction of an open system concept to building, are Finland and Denmark.

The Finnish BES system for housing was developed as a result of a very thorough study described in Ref.
[13]. The system uses as its basic design unit a multimodule of 12M (1.20 m). Examples of various
apartment layouts attainable with the system are shown in Fig. 3.14. BES employs slab, interior wall,
exterior wall, bathroom, staircase and several other components of standard dimensions as shown in
Fig. 3.9. The relation between the modular and production size of the wall is dependent on its end
conditions and is shown in Fig. 3.9(e). Within these constraints the system components can use different
configurations and materials. The BES system has been widely used in Finland by different parties since the
early 1970s. It was followed later by a skeletal frame BES system for commercial and industrial buildings. 

A more comprehensive, open system approach has also been examined in Finland [14]. Its aim was to divide
the building and its various systems into compatible and interchangeable elements.

The suggested approach identifies a building’s spatial and main technical systems: the structural system,
heating system, water supply and sewage system,  etc. Each system is divided hierarchically into 5 levels—
the whole building, sub-building, module, component, and basic element.

The main technological alternatives for each of these systems have been enumerated and analyzed in
typical residential and office buildings. Their elements on different hierarchical levels have been defined in
terms of shape, location, and dimensions to provide for their interchangeability within the system, and their
adaptability to other systems.

The Danish approach, extensively discussed in Ref. [11], is exemplified in Fig. 3.10 by the components
of the Hojgaard and Schultz system, which was described in Chapter 2. The elements conform to the Danish
standards DS/R 1038, 1039, 1075, and 1076 and represent, in their major details, a group of Danish
precasting enterprises that have worked through a joint design effort to develop common features and allow
interchangeability of components between them.

The reluctance, in almost all other countries, to go all the way toward standardization, was possibly due
both to aesthetic reservations and economic costs associated with uniform solution. Standardization is
always involved with some material waste, because it restricts adaptation of components’ size and shape to
the particular project conditions of load, span, finish, and so on. For example, a material waste will be
involved with application of 3M floor slab in the case where a thickness of 2.6M will suffice for all
performance requirements. Standardization of technical details—essential for introduction of an open
system —may inhibit the evolution of new technical solutions of generally superior performance or of
solutions advantageous under special conditions. Finally, standardization, on such a scale, requires a
tremendous education and training effort and an immense investment in the adaptation of production
resources. All these reasons explain a reluctance by building authorities and professional organizations to
force, or even recommend, general standardization of building components and connections to the extent
required for the development of a true open system.
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3.6
Flexible (open-closed) systems

The restrictive nature of specifically oriented closed systems, and the difficulty to impose standardization rules
essential for development of a general open system, focused attention, in many countries, on integration of
both concepts which will be referred to here as an “open-closed” or a “flexible system”. An open-closed

Figure 3.9 The BES system components (Finland): (a) slab dimensions; (b) slab variants; (c) exterior wall dimensions;
(d) interior wall dimensions; (e) interior wall location on modular grid; (f) bathroom unit; (g) staircases
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system is a closed system in a sense that it employs a finite set of components produced, erected, and
connected in a specific method. The system, however, conforms to general requirements of modular

Figure 3.10 Typical elements of the Hojgaard and Schultz system (Denmark): (a) exterior wall; (b) floor slab; (c) interior
wall 
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coordination and is devised in such a way that it leaves an architect with considerable freedom of design.
These ends are attained by a selection of appropriate design multi-modules, which on the one hand
considerably restrict the number of variants of main components—floor slabs, interior and exterior walls—
and on the other, allow generation of a maximum number of useful layouts of a desired type. The
dimensional development of the system is based on an analysis of the flexibility of design attained with it. 

An example of a flexible system is the Polish system W-70 (Refs. [3, 6]). The system uses a design grid
of 6M×6M and four basic floor spans—2.40, 3.60, 4.80, and 6.00 m, supported on interior bearing walls, as
shown in Fig. 3.11. The preferred spans were established following an analysis of possible residential room
sizes which they could economically accommodate (a similar functional analysis of economic spacings
between supports, performed elsewhere is given in Section 3.7). The system uses interior and exterior walls
ranging between 1.20 and 6.00 m in length with various openings, and special elements for heat units,
stairs, roofs, and basements. All these components are arranged in catalogues with typical connection
details. An architect using the system has practically unlimited choice of building layouts, provided that he
or she uses for design a modular grid of 6M×6M and provides load-bearing wall (interior and exterior)
spacing as required for the employed floor spans.

The Hojgaard and Schultz system, which was described earlier as a representative of a joint Danish effort
toward an open system concept, could also serve as an example of a flexible system if examined
independently of the general standardization rules.

The Italian IDEA (Tamburini) system made of standard parts of several dimension options which are
adapted to a 1.20 m module is shown in Fig. 3.12. A   similar idea was employed by a Swiss Peikert system,
which used floor slabs, exterior walls, and partitions on a 0.90 m module grid—for residential buildings —
and a 1.30 m grid—for school buildings.

Even more flexible open-closed systems use, as their basic elements, floor slabs supported on a grid of
columns with large spans—6.00–7.20 m. Examples of such systems are the Yugoslavian Sistem 50,
Hungarian Univaz and Elvaz, Polish SBO, Finnish FRAME BES, French Ballot, Etoile, GBA, and other
systems described in Ref. [9], and Czechoslovakian MS, S, and Integro (some of these systems were
described in Chapter 2). Exterior walls are sometimes part of the system and sometimes are selected from
outside; in many cases they are specifically adapted to a particular project. The interior space can be freely
divided, as needed, by any type of partitions, which are usually not a part of the system. These flexible
systems are mostly used for public buildings, such as schools, hospitals, and offices.

Although such systems offer an extensive flexibility of architectural design, they limit in many cases the
extent of prefabrication to structural components and leave the bulk of finish works to be added onsite.

3.7
Coordination among designer, producer, and user

A development of a flexible system, described in Section 3.6, involves a choice of components (as
enumerated in Chapter 2) to be employed in the system and their sizes. The variability of sizes can be
determined, as explained before, by a selection of a design module or modules for the system.

The design module should limit, as much as possible, the number of different component sizes but should
also allow a maximum effectivity of the system use. The effectivity can be evaluated through the extent to
which the system can efficiently satisfy the demand of its various potential users. It can be assessed in
quantitative terms in markets, where the demand of various user groups is determined by precise norms for
space allocation. For example, if there are precise floor area norms for apartments of one, two, three, four, or
five rooms, or apartments for families with one, two, or three members, it is possible to evaluate the effectivity
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of a design module by the extent to which it can offer appropriate layouts for the various apartment types
with minimum deviation from the prescribed norm.

In the absence of such strict norms, a design module should be chosen in a manner that it will enable the
generation of a satisfactory wealth of feasible layouts for various users. A selection of a design module
should therefore follow a detailed analysis of the functions, which the building employing the system may
be called on to perform. In a residential building such functions include sleeping, living, cooking and so on.
In schools they include studying, experimenting, playing, and so on. An example of space requirements for
most “basic” residential functions, resulting from an analysis performed in Ref. [8] is shown in Fig. 3.13.
Space requirements for various functions in different types of residential, industrial, commercial, and public
buildings are given in Refs. [2, 10] and other sources. 

Given such basic space requirements, it is possible to generate an assortment of layouts for several
alternative design modules and then select the one that offers satisfactory, or the most promising, flexibility.
Residential layouts of different apartment types for a design module 12M, generated for this purpose within
development of the Finnish BES system, are shown in Fig. 3.14.

A systematic design method, which was developed by the SAR (Stichting Architecten Research) group,
and described in Ref. [7], can be well used for selec tion and evaluation of design modules in many types of
residential and other buildings.

Figure 3.11 W-70 system (Poland). Typical dimensions of components 
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The explicit purpose of the SAR work was to eliminate rigidity and monotony associated with mass
housing, while still retaining the economic benefits of scale and repetition, inherent in rationalized building.

Figure 3.12 The IDEA system: (a) main elements; (b) possible design Schemes 
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The more important principles of the SAR method are:

1 A building should be divided into two types of components: supports and detachable units. Supports
are those parts of the building—for example, structure, staircases, mains of water, electricity, disposal
of wastes, gas— which are of concern to all dwellers, and therefore their design is done under
common control (as represented by a common architect). Detachables— furniture, partitions, kitchen
appliances, bathrooms, and in some cases even exterior walls—can, on the other hand, be selected
and located by dwellers within the space between the supports allocated to them, based on their
individual preferences.

Figure 3.13 Space requirements for basic home functions: (a) for bedrooms; (b) for living rooms
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2 Location of supports is to be determined by a functional analysis with an aim of allowing maximum
flexibility of design to the user. In this context, flexibility of design means a freedom in partitioning
of space, its allocation to various functions, and selection of detachables and their positioning.

Figure 3.13 (cont.) (c) for bathrooms; (d) for kitchens; (e) for entrance.

(Source: Ref. [8])
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3 The area of the building is divided into zones—internal and external zones for private use and zones
for public use. The public zones are used for location of nonstructural supports—stairs, plumbing
mains, fixed facades.

The analysis which the SAR method offers in [7] is most effective in “row buildings”, with cross walls as
structural supports. The zones in such buildings are perpendicular to the cross walls. The spacing between
cross walls and the location of public zones is determined by examining the possible allocation of the
resulting space sectors to common dwelling functions. The functions were defined in the SAR method in a
similar way to that shown in Figs. 3.13 and 3.14.

The principles of the SAR method can be useful for determining an optimal design module or modules in
the development process of a flexible prefabrication system. The design module n×M selected for location
of supports and for the width of zones can be examined for the flexibility which it allows to all prospective
users.

3.8
Summary and conclusions

The economical feasibility of prefabrication depends on the adaptability of the buildings, as designed by
architects, to the particular production systems employed for precasting of their elements.

The communication between an architect who designs the building and a precaster who produces its
elements is conducted today by several alternative methods.

1 Production based exclusively on architect’s design. If the design disregards the specific constraints of
the eventual precaster, the project may put prefabrication at an initial disadvantage with respect to
conventional methods. An architect may facilitate the precaster’s task by defining the basic spatial
and other requirements of the project, and leaving to the precaster a  maximum freedom in the choice
of dimensions and details. In the case of large projects, the architect can enhance prefabrication by
composing the design of standard “building blocks”—rooms or floor sections that would be repeated
in various parts of the project.

2 Production based on precaster’s design, who prepares it as a complete package for a particular
building or building type, to be built with the same set of components many times at different
locations. Such closed systems have a good potential if they can secure a large demand through
economic and quality advantage which they can offer to prospective users. They were widely applied
in countries where centralized planning could adapt the system to prevailing explicit norms and
assure its universal use. Closed systems can increase their marketability by offering some flexibility of
their adaptation to particular needs of users. This can be done by designing the system around large
spatial “cells” which can then be incorporated into various layouts, depending on the specific
demands of a project.

3 Dimensional coordination between designer and producer. Such coordination, accepted today as a
norm in many countries, employs two main principles to enhance the standardization and
interchangeability of components: (a) It limits the dimensions of building components to preferred
modules—1M=100 mm or its multiples, (b) It defines the rules for location of each component in a
building with respect to a common modular network.
The modular coordination markedly enhanced the standardization in building; however, it did not,
with very few exceptions, attain its other stated goal—a complete interchangeability of components
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Figure 3.14 Layouts on BES design grid. Numbers indicate the floor area of dwellings. Source: Ref. [13] 
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of different producers. Such a goal, referred to as an open system, requires a complete standardization
of elements’ sizes and their connection methods. Even when such an overall standardization could be
enforced or voluntarily accepted, there were some doubts whether it could be economically justified.
Different purposes of buildings and different conditions of their erection probably justify especially
adapted technological solutions.

4 Flexible systems; despite the inability of modular coordination to provide a key to a complete
interchangeability of building components, it can serve as a useful step toward development of open-
closed or flexible systems, which allow, with a limited variability of components, considerable
flexibility of design. Such a system uses a predefined set of components adapted to a special
multimodular grid within certain constraints of span and story height. The most suitable multimodules
to be employed by the system are found with a systematical method, which evaluates the range of
architectural solutions that can be generated with them.

Assignments

3.1 Review and summarize the pertinent modular coordination recommendations in your country. To
what extend do you find them useful in practice? Explain. 

3.2 Give examples of marketed building components that are manufactured in modular dimensions. Do
they conform to the modular coordination standards of your country (or to ISO standards)?

3.3 Adjust the dimensions of a building floor in assignment 2.1 of Chapter 2 to the modular coordination
rules. Present the layout and the vertical section on a modular grid.

3.4 Select a building type (e.g., residential, sanitary, educational, industrial, or recreational) for a serial
prefabrication within a closed system concept. Develop the system in the following stages:

(a) Define the function of the building in spcific terms.
(b) Define the spatial requirements that will ensure the desired performance of this function (you can

use, for this purpose, guide books such as Refs. [2, 10]).
(c) Prepare layout, sections, and elevations on a modular grid.
(d) Prepare erection plans and an elements list for the system.
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Chapter 4
Application of the Performance Approach†

4.1
Introduction

The conventional method of information transfer from designer to builder consists of graphical description
of the various building components and a detailed specification, in terms of matersials and methods, of the
tasks to be performed for their construction. These specifications, many of them included in institutional
codes of practice, evolved with time and are adjusted to the conventional levels of building quality. This
approach, which confines the builder to a particular building method, could be employed when the building
construction was executed with commonly applied traditional methods. It proved inadequate, however, with
the advent of industrialized systems, using a variety of components, finishes, and connections. A precise
specification of the construction method by the designer may, in such cases, preclude an employment of
alternatives with a definite economic or performance advantage.

A different approach, appropriate for such a situation, is to specify a set of performance specifications
imposed on the spaces and components (Refs. [a.1–a.7]). These are based on the end uses of the building
and reflect, in engineering-type terms, the needs of the human users or others, so that all the typical
activities are duly accommodated and can be carried out without excessive disturbances. The constructor
can select any method or system that ensures conformance to the prescribed requirements. The approach was
first applied in the United States (Ref. [a.5]) and later repeated many times in various countries and
projects.

The frequent occurrence of some typical faults in industrialized buildings stresses the significance of
adherence to such specifications. Examples of the main and most frequent faults, which occur in
industrialized buildings, and their main causes, are the following: 

1 Cracks at Joints. Pathological cracks that impair stability, water tightness, or air tightness may be due
to differential shrinkage of joint mortar and panels, to differential thermal deformations between
adjoining components (mainly between walls and roof), and to differential foundation settlement
(causing cracks at vertical joints of lower stories). This usually requires redesign of the joint’s
connective concept and demands actions such as addition of reinforcement, enlargement of cross
section of in situ cast concrete, and modification of concrete mixture or compaction methods. When

†This chapter was written by Dr. Rachel Becker. Dr. Becker is an Associate Professor of Civil Engineering at the
Technion, Israel Institute of Technology, and Head of the Physical Performance of Buildings Division at the National
Building Research Institute-Technion. 



joints between prefabricated components are not faulty but disguised by thin covering coats such as
paint or plaster, the surface would, in most cases, appear unaesthetically cracked along the joints.
Remedy is simply achieved by accepting the visual appearance of clear joints and avoiding the spreading
of the covering coat over them.

2 Excessive Vibrations of Floors Due to Extensive Foot Traffic. This may happen only to thin slabs
extending over large floor spans (usually of prestressed concrete), with thin floor covering rigidly
attached to the slab. Addition of damping (by means of a layered flooring, a suspended ceiling, or
attachment of partitions and furniture) may be helpful.

3 Condensation and Mold Growth on the Inner Surfaces of Components of the Exterior Envelope.
When both occur all over the element, it indicates, with no doubt, an insufficient level of thermal
insulation. When the stain pattern is limited to horizontal and/or vertical strips, it indicates the
existence of thermal bridges within the element. In some cases, condensation is usually not observed,
but mold develops after a short period (a week or so) of irregular high humidity. This indicates that
the level of thermal insulation is generally sufficient, but the covering coat is not sufficiently mold
resistant.

4 Water Penetration Through Joints. This occurs mainly at vertical joints of the closed joint type. Thin
cracks, even if visually unnoticed, that may develop between the joint filler and prefabricated
elements are a potential route for capillary suction. Two of the main causes are loss of elasticity of the
filling material due to various weathering actions and/or faulty joint details causing shearing of joint
filler.

5 Water Penetration Through Roof. This is mainly frequent in built-up flat roofs with a low-density/
high-shrinkage cellular concrete topping above the prefabricated panels. The cracks in the topping
may lead to cracks in the watertight membrane, especially when the latter is excessively rigid and
firmly bonded to the lightweight concrete.

6 Transmission of Excessive Impact Noise Through Floors. Rigid concrete floors have very low
acoustic insulation against impact noise (Ii>80 dB). When flooring is too rigid and rigidly attached to
the concrete slab, acoustic performance is still poor. This actually imposes the application of flexible
flooring layers in order to satisfy the performance criteria.

7 Peeling of finish Coats. Prefabricated concrete elements, which were cast against smooth molds, have
very weak surface bond properties. Because of the nonfatal character of the fault, assessment of bond
between the materials is sometimes neglected. 

Each one of these faults, as well as others not enumerated here, particularly a combination of some, makes a
space uninhabitable. Perpetual feedback between field survey results and performance criteria and testing
procedures is therefore highly necessary for the reliable application of well-performing industrialized
buildings.

4.2
Performance specifications

Performance specification documents distinguish between five domains of user needs: (1) safety and health,
(2) serviceability and use, (3) comfort, (4) preservation of property, and (5) aesthetics. The main attributes of
user needs, which are included in these domains and may be relevant to the design and evaluation of an
industrialized building system, are as follows:
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1 Health and Safety

a Structural safety under regular and extreme loading conditions.
b Structural safety during fire.
c Safety of user from injury under regular and fire conditions.
d Security against break-in and unwanted ingress.
e Prevention of health hazards.

2 Serviceability and Use

a Furnishability and organization of space.
b Operational reliability of mechanical systems.
c Prevention of sensible deformations and vibrations.

3 Comfort

a Provision of comfortable hygrothermal conditions throughout the year.
b Prevention of acoustic disturbances,
c Provision of adequate levels of lighting and prevention of visual distress.

4 Preservation of Property

a Prevention of fire spread,
b Prevention of moisture problems,
c Ease of maintenance and repair.
d Durability and longevity of materials, components, elements, and the whole building.

5 Aesthetics

a Overall aesthetic appearance of the building and its integration in the surroundings.
b Prevention of monotony and dullness.
c Organic utilization and integration of the modular dimensions and spatial features of elements in the

overall appearance,
d Aesthetic appearance and dimensional accuracy of joints,
e Aesthetic appearance of surfaces, and prevention of stains, local faults, and excessive deviations

from designed features. 

Although presented in physical terms, the literature on user needs does not contain sufficient information
for the engineer and manufacturer. The next step in applying the performance approach is thus to translate
each user need into a set of precisely defined building performance requirements and then establish the
quantitative criteria that constitute the “measuring stick” for evaluating the expected performance. This
procedure is not fit for consideration of most of the aesthetic attributes. There are not yet even any well
established objective criteria for qualitative assessment of the appearance of a given design, and evaluation
is usually based on subjective judgement. However, some of the items in attributes 5.d and 5.e are affected
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by the manufacturing processes and workmanship. These are therefore discussed in Chapter 9, but the
others are beyond the scope of this book.

Since the user functions in the spaces of the building, the user needs are defined in terms of person-space
relationships. The building performance requirements are therefore also established, first and foremost, on
the level of the building as an agglomeration of its spaces. This is followed by identification of the factors
and component properties that influence the level of attainment of a requirement. The literature on building
physics supplies this knowledge. In Sections 4.3–4.14, the reader will find the factors most relevant to the
design and evaluation of industrialized building systems.

Manufacturing processes of industrialized components are based on series of discrete element dimensions
and cross sections. This also implies discrete levels of physical properties. The designer or constructor who
has to ensure the overall performance of the building has to choose those elements that would not impede the
achievement of the required levels of performance within the spaces.

Two main types of building performance requirements can be distinguished in this respect. One involves
the simple situation in which each component can be considered separately, and its contribution to the
attainment of the space requirement depends only on its own physical properties and its connections to the
adjacent elements. Obvious examples are the ease of maintenance and repair of surface coverings,
watertightness and airtightness, hard and soft body impact resistance, and acoustic airborne sound
insulation. In these cases performance criteria for the components are prescribed. According to the types of
building for which the produced component is intended and the range of required performance levels
implied by them, the manufacturer can choose to produce a limited number of component alternatives, from
which the designer will be able to select the one most appropriate for a given building.

In the second situation, the attainment of the space requirement depends on the total combination of
partial contributions of all the components surrounding that space, and the input of each component can be
measured only in conjunction with the supplementary value it adds to the contribution of all the other
components. Examples that demonstrate this situation are sound reverberation time, natural lighting, and
heating and cooling loads. For these cases the performance documents impose only space requirements and
do not assign predetermined performance criteria for the components, since doing so would limit production
and design with no justified consequences. However, in order that the designer would be able to comply
with the building performance requirements and criteria, the manufacturer has to supply him with the
information about the relevant physical properties of each component (see Section 4.15).

The performance of a building component (or space) is evaluated with respect to various generalized
“loads” that may act on it, for example, wind load, noise load, fire load, and temperature load. Proper
performance is ensured when the effects of these loads still provide adequate levels of safety, comfort, and
serviceability to the users.

The design generalized load, Qd, is derived from a statistically determined characteristic generalized
load, Qc, the worst of which may occur only in 5–10% of cases. Each Qc is modified by an appropriate
safety factor � q� 1.0 in order to obtain Qd. The effect of each particular combination of Qd on the building
components is denoted by Fq and should not exceed the acceptable design level Fd of the factor that is
associated with the particular attribute. Fd is derived from a statistically determined characteristic
acceptable factor, Fc, which ensures safety, comfort, and so on in most cases to most users. Fc is modified
by a safety factor � f� 1.0 in order to obtain Fd.

For example, a floor slab that is subjected to a design noise level Qd= 90 dB(A) in the space below should
transmit to the space above an effective noise level Fq that is not larger than the design level Fd=40 dB(A),
which establishes the criterion for undisturbed sleeping conditions.
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The effects of the various loads may be either analyzed and calculated by means of a mathematical model
or investigated experimentally using a physical simulation test (Ref. [e.1–e.19]).

The next sections present the typical performance criteria imposed on components and spaces and explain
briefly the methods of assessment. A list of typical national documents of performance specifications and
performance standards is given in Refs. [c.1–c.4] and [d.1–d.15]. For a more rigorous presentation of the
scientific background, analysis of buildings, and design methods for each of the attributes, the reader is
referred to Refs. [f.1–f.13].

4.3
Structural safety: ultimate limit state

The design of industrialized systems for structural safety is considered today as a comprehensive
engineering discipline. It includes the general principles of structural and dynamic analysis of structures,
and the evaluation methods of strains and stresses in the various components and connections. For the sake
of completeness, the principles of structural performance evaluation are very briefly reviewed here, and a
reference to appropriate source books and standards is given.

The user need for safety is presented by the requirement that, under regular and extreme loading
conditions, no ultimate limit state is reached by the whole structure or parts of it.

Every structure is subjected to vertical and horizontal loads, which may range from equally distributed
forces on the entire area of the elements to concentrated forces occurring randomly at some points in the
building.

For the static vertical loads, a distinction is usually made between dead loads and live loads. The latter
have to account for the possible distributions of weight of furniture, partitions, and fixtures, as well as for
the quasi-static action of moving users in a crowded room. Dead loads are computed according to the
dimensions of elements and specific gravity of the materials, whereas live loads are obtained from building
codes and standards such as, for example, the American ANSI (Ref. [f.1]). Dynamic vertical live loads,
which are exerted on floors by jumping, dancing, and running, are usually small and cannot cause an
ultimate limit state. They should thus be considered only for assessment of serviceability (see Section 4.7).
In the case of dynamic loads, which are exerted by unbalanced machines, a dynamic analysis, which is
beyond the scope of this chapter, is required.

Horizontal loads may be induced by winds and earthquakes. In nature they are dynamic loads, but most
building codes permit a static analysis, taking into account statically equivalent load values. In most codes
and standards, for the majority of building types, they are based on gusts and major earthquakes with a
return period of 50 years. Absolute values depend, of course, on local conditions.

Thermal variations and foundation settlement induce loads on the structure and its parts, which are
usually considered during the assessment of serviceability (see Section 4.7 below). In some cases, these
induced loads may also require assessment of safety, mainly that of the joints, connections, and long-span
slabs and beams.

In general, assessment of safety is performed in two major steps. First, the overall stability of the
structure is assessed. For this sake static schemes of the entire structure, for vertical and horizontal loading
situations, are established. These schemes should be stable and no mechanism may exist within any part of
them. The second step includes the detailed analysis of stresses. This is performed for each structural
element separately, wherever hinged or fully fixed support conditions exist. For continuous beams and
framelike schemes adjacent elements have to be analyzed simultaneously. In this case, the most critical loading
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conditions are considered. Methods for the structural analysis of prefabricated concrete structures are
presented in Ref. [f.2] and other sources.

The safety factors, which multiply the characteristic loads for the different loading combinations, in order
to obtain the relevant design loads, are given by standards and codes of practice such as Ref. [f.3] and
others. These also include the safety factors, by which the various types of characteristic strength are
divided, in order to obtain the design strength of concrete and reinforcement.

The assessment of safety requires a detailed calculation of stresses or internal forces Fq imposed by
combinations of the design loads  and their comparison to the relevant design strength or
resistance Fd, as explained in the introduction. Calculations are required for the various components and
their connections.

The typical points to be considered during the design of the various components are presented here very
briefly. For a detailed presentation of the structural design methods and algorithms for prefabricated
elements and their connections see Ref. [f.2] and other sources.

Floor panels are subjected to transverse loads and are analyzed as either beams or slabs. Assessment
includes flexural resistance (within the spans and at supports) and shear resistance at joints. With regard to
horizontal loads, the floor acts as a shear membrane, and assessment of shear resistance at joints is required.

For transmission of vertical loads, the load-bearing vertical elements may usually be considered as hinged
rods. It is usually required to consider some eccentricity of the loads, in order to account for misalignment of
the elements. Crushing strength of the mortar and/or concrete at the base of the vertical element should also
be assessed.

With regard to horizontal loads, it is usually assumed that they act at the floor levels. When the walls of
each story are connected by vertical shear joints, they comprise a complicated beam with a large moment of
inertia, so that the induced compressive and tensile stresses in the wall panels are small. The shear stresses,
at the joints, are not negligible, and their shear resistance has to be ensured. When the joints are not shear
resistant, only the panels parallel to the load direction should be considered in assessing the resistance of the
structure to horizontal loads. Each panel acts as a fixed beam, in which flexural and shear stresses are not
negligible. The distribution of the moment between the various walls is in proportion to their moments of
inertia. In this case, net tensile stresses may develop, which require special arrangement of anchoring
reinforcement at the bottom of the wall.

Thermally insulated external walls are usually composed of concrete layers, separated by a foamed
polystyrene layer, and connected by flexible stainless steel elements. The external layer is subjected to daily
cycles of heating and cooling, which induce cyclic expansion and contraction of this layer, and cyclic
flexural stresses in the steel elements. This may cause early failure of the connections due to fatigue. It is
thus usually required that the connective elements should be able to withstand at least 50,000 cycles of the
design thermal movements without failure.

A particular form of failure, which is associated with prefabricated assemblies, is progressive collapse.
Especially prone are building systems with hinged-type joints, for which no continuity reinforcement is
provided. Progressive collapse may occur when, usually due to unexpected circumstances, one of the
structural elements reaches an ultimate limit state and cannot support the adjacent elements any more. The
taller the building, the more severe may be the damage when progressive collapse is induced at any floor
level. Thus, for tall buildings (usually more than four stories), some continuity has to be provided at the joints,
even when the static scheme does not require it. In some cases, a rigorous analysis is required to show that,
for every load-bearing element that goes out of use (i.e., is completely devoid of loading capacity), an
alternative path for ensuring safety is available. The level of required safety factors is reduced and it is
usually permitted to consider values of .

82 INDUSTRIALIZED AND AUTOMATED BUILDING SYSTEMS



Structural codes of practice and literature include the main analytical and computational procedures to be
used for assessment of the various elements and regular types of connections. However, for ambiguous and
sophisticated joints, it is sometimes required to use loading tests in order to investigate the structural
behavior and failure patterns. 

4.4
Fire safety

The occurrence of a fire in a building is a rare event. But when it happens, the safety of the occupants
depends strongly on the ability of the building elements to keep the fire from spreading all over, and on the
stability of the structure as long as the fire is in effect. However, the strength of concrete and steel reduce
when heated during the fire. Wood and polymeric materials may burn and enhance the spread of fire, smoke,
and gases. For these reasons, assurance of safety of the occupants and firefighters involves compliance with
a wide range of requirements and associated criteria. Most Building Codes specify these types of
requirements in an implicit form. An engineering and performance approach to fire safety design of
buildings is still not fully used. The following are some of the major requirements and criteria that can be
expressed in an explicit form, and are of direct relevance to industrialized buildings:

1. The structure, or part of it, should not reach an ultimate limit state as long as the fire may continue. The
characteristic fire duration associated with a given space is determined by two factors: the characteristic fire
load density, FL, which is the density of caloric value of combustible materials within that space per unit
surface area of the room, in MJ/m2 (megajoules per m2), and the opening factor, OF, in m1/2, which
represents the rate of free air intake into the room. OF is given by

(4.1)

where Aw=the area of openings, including all glazed areas (m2)
At=the total surface area of the room (m2)
h=the weighted (by area) average height of the openings (m)
Some graphs (see Fig. 4.1) have been devised, by Magnusson and The-landerson, which can be used to

estimate the characteristic standardized fire duration, FD, in minutes. For spaces, with a floor area smaller
than 200 m2, an approximate value of FD is given by

(4.2)
where Kf depends on the building materials. For a concrete noninsulated structure, Kf=0.85. For thermally
insulated structures Kf may range between 1.0 and 1.65 (Ref. [f.4]). Typical values of FD are 0.5–2.0 hr for
residential buildings, �  0.5hr for offices, 0.5–1.5 hr for industrial buildings, 0.5–2.0 hr for shops, and 0.5–4.
0 hr for warehouses and storage. FD is multiplied by the modifying safety factor � q to obtain the design fire
duration. For highly risky occupancies, such as hospitals, prisons, child nurseries, crowded commercial
buildings and shopping centers, high-rise offices, and residential buildings (above 24 m), the value of � q

may be as high as 2.0. For medium-risk occupancies, such as medium-rise (between 15 and 24 m) office
and residential buildings, schools, dormitories, and hotels, general safety factors of 1.5 are adequate. For
low-risk buildings such as low-rise (one or two stories) residential, office, commercial, and industrial
buildings, factories, and warehouses, general safety factors of slightly more than 1.0 are sufficient. The
effect of a fire on the bearing capacity of the building elements is expressed by their structural fire
endurance, SFE, as obtained by a standard test (Refs. [d.5, e.11]). Under testing conditions, a standard fire
is used. It is usually somewhat more severe than the one expected in use; thus, there is no need for an
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additional safety factor, and . It is required that the structural fire endurance of all the load-bearing
elements would not be smaller than the design fire duration. However, since SFE is expressed in discrete
half-hour values, a flexible attitude is advisable. For vertical load-bearing elements, tolerances should be
limited to 5 min deviations only. For horizontal elements, a margin of 10 min may be allowed. But in no
case should these allowances result in . The SFE of individual elements depends on the support
conditions, cross-sectional dimensions, and concrete cover over reinforcement. Values are given in local
standards and codes such as the German DIN (Ref. [d.5]). Some examples are given in Table 4.1.
Prestressed elements are especially liable and their SFE depends also on the moment efficiency (moment
capacity divided by exerted moment). When assembled in a structure, the restraint imposed by the other
elements and continuity at the supports usually increase the fire endurance of flexural members, which adds
to the safety of the whole structure. 

Table 4.1 Structural fire endurance of uncovered uniaxially stressed concrete slabs and of load-bearing walls

Slabs Walls

Structural fire endurance
(min)

Minimum thickness of
concrete slab (mm)

Minimum concrete cover
over reinforcement (mm)

Minimum thickness of
concrete wall (mm)

30 60 12 120

60 80 25 120

90 100 35 140

120 120 45 160

Figure 4.1 Example of gas temperature-time curves T†
–† of the complete process of fire development for different values

of the fire load density FL and the opening factor  [Ref. (f.4)] 
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Slabs Walls

Structural fire endurance
(min)

Minimum thickness of
concrete slab (mm)

Minimum concrete cover
over reinforcement (mm)

Minimum thickness of
concrete wall (mm)

180 150 60 200

Example

We now provide a preliminary evaluation of the structural fire safety requirements for the load-bearing
elements of a six-story building with dwellings of the following design data:

A 10×10×2.5 m dwelling, with four windows, 1×1 m each, and a glazed door 1.8×2m. The furniture,
partitions, flooring and other combustible materials within the rooms have a total caloric value of 16,000 MJ.

The fire load density is thus . And the opening factor OF is given from
Eq. (4.1) by , At

(4.3)

Assuming a thermally insulated concrete structure with , the fire duration is, according to
Eq. (4.2), . Since this dwelling is in a medium-rise
building, a safety factor of 1.5 should be applied as noted before. This would imply that all the
structural elements should have a safety fire endurance of 60min at least; that is, according to
Table 4.1, the load-bearing wall panels should be at least 120 mm thick and the floor slabs at least
80 mm thick with a minimum reinforcement cover of 25 mm.

For a complete discussion of the design of fire resistant structures see Ref. [f.5].

2. Spread of fires into other premises through opaque partitioning element is dangerous, since it may not be
detected. The safety criterion is expressed by the requirement that the insulative fire endurance, IFE, of the
separating element which is determined during the same fire test as above, be larger than the desig fire
duration expected on either side. � q is usually 1.0 except for fire walls of high risk buildings, for which
values of up to 2.0 are used. The values of IFE in Table 4.2 can be used for concrete slabs if direct test
results are not available.
3. Prevention of suffocation by smoke, poisoning by noxious gases, and injury by dripping hot matter
imposes restrictions on the surface materials onl In prefabricated concrete buildings these are usually in
minor quantities, an their contribution, if any, is always very much lower than that of furniture an other
possessions within the spaces. It is thus sufficient to avoid the use of high 

Table 4.2 Insulative fire endurance of concrete slabs

Minimum slab thickness (mm) 80 95 115 130 140 150

Insulative fire endurance (min) 30 60 90 120 150 180

combustible materials on large areas, and mainly of “dripping” materials underneath ceilings, in order to
comply with proper performance in use. Detailed computation of the partial contributions is usually not
required. Fire classification of surface materials, however, is necessary and should be documented.
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Dry joints are a potential route for the spread of fire, smoke, and gases. It is required that they be tightly
filled with a noncombustible material, which blocks the gaps during the whole characteristic fire duration
period.

In buildings that are constructed by assembly of prefabricated cells, fire may spread through the
connective gaps between the cells. In order to prevent this, a fire stop is required around the frames of
openings which connect two cells. Mineral or glass wool, filled in tightly all around the frame to a depth of
50 mm, fits this purpose.

4. Dimensions of staircases and other escape routes should enable the fast escape of occupants before a
fully developed fire spreads throughout the building. Fifteen minutes would usually be sufficient. The
required width of escape routes is determined according to the characteristic number of users and their
characteristic escape velocity. For each longitudinal line of runners, a minimal width of 0.55 m is required.
This requirement imposes restrictions on the sizes of precast elements and should thus be considered
together with the criteria in Section 4.6. A minimum net width of 1.10 m is usually recommended for public
staircases and corridors, even in small buildings. In very tall and crowded buildings net widths of 1.65 m
and 2.20 m may be required.

4.5
User health and safety

The criteria under this attribute are usually very general and may impose only minor restrictions on precast
concrete buildings. They include the following:

• A requirement that new surface materials be tested in order to ensure that they are not poisonous under
regular use conditions, and that they do not emit excessive amounts of volatile organic compounds,
fibers, particles or gases.

• Some restrictions on specific dimensions of elements to keep users from falling from windows,
balconies, and staircases.

• Limit values for the coefficient of friction of flooring materials (0.50 when dry and 0.35 when wet).
• A required constant minimum level of ventilation, enabling half an air change per hour in spaces (and� 3

in those heated by nonvented kerosene or gas heaters), while keeping the structure and openings
extremely airtight. 

4.6
Space and geometry

The dimensions of building components are dictated by the layout, geometry, and dimensions of the spaces
in the building, by the requirements of modular coordination, and by limitations imposed by material
properties. These requirements and their implications on the various types of industrialized building systems
are discussed in Chapter 3.

In the process of detailed design, some additional limitations, which stem from specific performance
requirements, are imposed on the dimensions of various components. These include the following:

• Minimum width of corridors and stairwells for the safe escape during a fire (see Section 4.4).
• Minimum transparent areas, usually provided by windows, and restriction on their allocation, for the

provision of natural lighting (see Section 4.10) and eye contact with the outside.
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• Particular restrictions on the minimal elevation of railings and lower window sills to prevent falls (see
Section 4.5) or to provide clear wall heights for storage and furnishings.

• Restrictions imposed on the size and allocation of windows by acoustic requirements on one hand (see
Section 4.9) and natural ventilation on the other (see Section 4.8).

Detailed information on the dimensions required for various activities and particular building accessories is
presented in Ref. [f.6].

4.7
Structural serviceability: deformations and vibrations

Noticeable deformations and vibrations, even if structurally safe, may seem unsafe and psychologically
unacceptable to the nonprofessional and should be avoided. In most cases, deflections would be
unacceptable if they exceed 1/250 of the span, and cracks would be visually unacceptable if they exceed 0.
5mm. Deflections of structural elements may also impair the performance of attached fixtures, water pipes,
partitions, and so on and even cause cracking of brittle partitions. Limit deflection values for the prevention
of these types of damage are 1/350 of span for midspan deflection and 1/500 for end deflection.

Assessment of structural serviceability is accomplished during the first steps of the structural design of a
particular component. The design loads include a safety factor of 1.0 and for most cases computations can
be accomplished by simple formulas presented in codes such as shown in Refs. [d.14, d.15].

Vibrations of floors become unacceptable if they are obviously noticeable by users. Graphs for limit
amplitude versus frequency are presented in Fig. 4.2. A distinction is made between steady-state vibrations
(according to Reiher and Meister) and transient ones (according to Lenzen). The characteristic foot traffic
load, which may cause vibrations, is defined by the force exerted by the heels of a heavy person, dropping
from rising on his tiptoes. The dynamic nature of the load is given in Fig. 4.3. A simplified dynamic
calculation may be used for a first estimate. If a limit state is not obviously prevented, a simulative
performance test is required. The most susceptible to vibrations are long-span thin slabs with a thin flooring
that is firmly attached to the concrete slab.

4.8
Interior climate

In order to prevent thermal discomfort in a given space, the hygrothermal conditions should be suited to the
levels of activity and type of clothing characteristic to the place and time. Actual provision of thermal
comfort thus depends on the active control of the environment and its adaptation to changes in the patterns
of user activity. However, the thermal insulation of the external envelope of the building is constant, and its
level has to be established on the basis of some fixed conditions. The following procedure is recommended
only as a basis for the design of elements (to obtain a more accurate estimate of the thermal conditions in a
designed building, a dynamic analysis is required):

The Fanger scale (Refs. [b.3, b.4]) of thermal comfort is given by

−3 −2 −1 0 +1 +2 +3
Cold Cool Slightly cool Neutral Slightly Warm warm Hot
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According to the type of building, thermal dissatisfaction is defined either as ±3 (usually for factories,
warehouses, and low-cost buildings), or as ±2, ±3 (for most types of residential buildings, schools, hospitals,
and high-tech industry). For given conditions of internal air temperature, Ti, surface temperature, , and
typical types of activity and clothing, the thermal sensation can be computed (Ref. [b.4]) and is presented by
the predicted mean vote index PMV, which is in the range −3 to +3 of the Fanger scale. The percentages of
dissatisfied users associated with each predicted mean vote are given in Fig. 4.4. Accepting that only 10%
may be dissatisfied, the required range of PMV is established from the relevant graph. Taking into account
characteristic activity levels and clothing types, the required range of the air temperature, Ti, is established
by means of the tables for PMV versus Ti, given in the references. Common values for residential buildings
are 18–22°C in winter and 24–28°C in summer.

Figure 4.2 Limit lines for maximum deflection amplitude versus frequency
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These air temperatures would ensure comfort only if the local radiation from (or to) external walls,
ceiling, and floor would not be excessive. This implies that the internal surface temperature  of these
elements should not be lower than Ti by more than about 3°C in winter and not larger than it by more than
about 3°C in summer. These requirements are met by ensuring that the thermal resistance r (in m2•°C/W) of
each envelope component is given by

(4.4)

where ris, ros=the internal and external surface resistances (m2•°C/W)
To=external air temperature (for summer, sol-air temperature)
The values of To are obtained from the lowest and highest (according to season) daily averages, the worst

of which occur only during 10% of the winter and summer, respectively.

Figure 4.3 Typical impulse load due to heat drop

Figure 4.4 Percentage of dissatisfied versus PMV [Ref. (b.3)]
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In Section 4.12 the criterion for diminishing the risk of condensation establishes additional restrictions on
r, and they should be considered simultaneously.†

The minimum levels of required r values are usually in the range of 0.4–2.0 m2•°C/W. The lower values
are typical for walls and ceilings in regions with a mild climate throughout the year, and the higher values
for regions with a very cold winter. In most cases, the minimum requirement should be met by the entire
area of the external envelope, and the design of the wall components and their connections should avoid the
formation of thermal bridges (i.e., areas with no thermal insulation).

The thermal resistance of a layered element is obtained from

(4.5)

Table 4.3 Values of thermal conductivity � , and specific heat c for some building materials

Material �
(W/m•°C)

c
W•hr/°C•kg)

Regular concrete 2.1 0.24

Cellular concrete (� =800 kg/m3) 0.3 0.27

Gypsum (in wallboard) 0.3 0.30

Gypsum (in blocks and plates) 0.7 0.30

Foamed polystyrene 0.04 0.40

Mineral wool 0.05 0.24

where NS=number of layers
di=thickness of the ith layer (m)
� i=thermal conductivity of the ith layer (W/m•°C)
Values of �  for some common materials are given in Table 4.3.
Foamed polystyrene, FPS (  ), is the most commonly used thermal insulation material

in prefabricated building systems. It comes in discrete thicknesses of 10, 20, 30,…mm. Since regular concrete
has a very high thermal conductivity (2.1 W/m•°C) the thermal resistance of precast elements with FPS
insulation is provided in discrete 0.25 m2•°C/W intervals, starting with  0.60 m2•°C/W for 20-mm FPS
to  for 120 mm FPS. Thermal bridges may be prevented by using a layered element, the
layers of which are connected at a few points only by means of thin stainless-steel rods or plates.

Prevention of more than half to one air change per hour by air leakage around windows and other
openings is usually required. This imposes restrictions that are not directly relevant to the prefabricated
building system and, as such, are not discussed here. A very strict requirement is imposed on all the joints
between the building elements, and they have to be completely airtight under most conditions. Assessment

† The energy consumption for heating and cooling throughout the year is an outcome of the total energy losses by
conduction through the building envelope, and by air changes due to leakage and infiltration. An economically oriented
performance requirement may sometimes be imposed, requiring either an optimum solution in the form of minimum
life-cycle cost or a predetermined low-energy consumption, expressed by the voluminal heat conduction coefficient G
in W/m3•°C, which is the power consumption per unit space volume per unit temperature difference between internal
and external temperatures. When these requirements are included in performance specifications, they impose additional
global restrictions on the thermal envelope of the building and should be assessed during the design stage. 
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can be performed only by testing. The air pressure difference, applied during the test between both sides of
the joint, should simulate the highest wind velocity that may occur during the whole year, with a 50 year
return period.

In hot climates summer considerations require, in addition to thermal insulation, the implementation of
passive means as an aid in achieving thermal comfort. These consist mainly of an enlarged thermal inertia
within the building, a large thermal time constant of the external envelope and the provision of natural
ventilation. The thermal inertia of an external element is expressed by means of its outside to inside thermal
time constant, TTC, which is given by

(4.6)

where TTCi is the thermal time constant of the ith layer. TTCi is computed by

(4.7)

and

(4.8)

where � i=the density of the material in the ith layer (kg/m3)
ci=the specific heat capacity of the material in the ith layer (W•hr/kg•°C)
In mild summer climates (To

,
max� 30°C), a value of TTC� 10hr is sufficient, but in hot to very hot climates

TTC values should exceed 20 hr in order to minimize the effect of the external temperature rise during the
day. When natural ventilation should be provided by open windows, the size and allocation of openings are
established during the design of the whole building. This is part of the general design routine and is not
specific to industrialized buildings.

A simple example for the thermal design of a precast wall element follows herewith. For a more detailed
discussion of thermal analysis and design of buildings, see Refs. [f.7, f.8].

Example

The external walls of a residential building in a cold climate (  ) are composed of an
external 100 mm concrete panel, a foamed polystyrene (FPS) board, and an internal 10 mm gypsum wallboard.
Thermal comfort in winter should be ensured when users are seated and dressed in regular winter clothes.

If we require that only 10% of users may be dissatisfied, the PMV should not be lower than −0.5, and,
according to [b.3], this implies an internal temperature of  at least. Requiring then that 
and restricting the surface temperature to  (as explained earlier) yields according to Eq. (4.4)

The thermal resistance of the wall element is given by Eq. (4.5):

where d2 is the thickness of the FPS board.
And the requirement that
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yields

that is, a layer of 50 mm FPS is sufficient to ensure winter comfort.
Assuming that the specific density of concrete is , of FPS is  , and of

gypsum is , the TTC of this element is given by

Therefore, this element has a total time constant of less than 10 hr and is not suitable for use in hot
climates. The use of an internal 50-mm concrete panel, instead of the gypsum board, yields

which results in a superior element with

4.9
Acoustic conditions

The main causes of acoustic discomfort are (1) raised noise levels within the space due to internal noise
sources or to transmitted airborne or impact noise and (2) excessive reverberations of sounds within the
space obscuring the clarity of speech, music, and so on.

Noise is a sensation created by pressure waves in the air. The sensitivity of the human ear is to waves
within the frequency range of 20–20,000 Hz. For each frequency the noise pressure level Lp is measured in
decibels (dB), which represent 20 times the logarithm of the ratio between the pressure amplitude p and a
reference pressure P0, which equals 2×10−5 pascals; that is,

(4.9)

To eliminate the use of frequency-dependent curves of Lp during the regular design procedures, integrated
values in dB(A) are used.

The design noise levels in a given space, during various activities, should not exceed those that may
disturb more than 20–30% of potential users. However, since the statistical information is not fully
available, criteria are usually based on mixed data sources. It is commonly required that the noise level for
undisturbed sleeping should not exceed 40 dB(A) (adequate for 70% of users); for work that requires
concentration it should not exceed 50 dB(A) (based on averages); and for a regular background it should
not exceed 60 dB(A) (based on common practice).

With regard to prevention of discomfort stemming from noises created within the same space, the noise
levels can be controlled by the users or otherwise the noise source and receiver should be separated by an
acoustic barrier. Addition of acoustic absorption materials or elements may also help in reducing the noise
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level away from the source by a few dB. In any case, the building system itself is not affected by this
requirement.

The airborne noise reduction that is required of partitioning elements between adjacent spaces depends on
whether both spaces belong to the same owner or not. In the first case, some control of the created noise
levels is expected, whereas in the second case one has to assume that elevated noise levels may occur in one
space when quiet conditions are required in the other. For example, in residential buildings, for
consideration of partitioning elements within the same apartment, the design noise level created in living
rooms and bedrooms is 80 dB(A). However, for consideration of partitioning elements between adjacent
dwellings, the design noise level in these rooms is as high as 90 dB(A). Under these conditions, the airborne
noise reduction required of walls and floors between bedrooms, or between bedrooms and the living room
in a given apartment, is 40 dB(A). However, between bedrooms and an adjacent apartment it is 50 dB(A).
Provision of privacy implies that a moderate noise created within the space (usually not higher than 70 dB
(A)) should not be clearly heard outside it. The background noise level to be assumed on the other side of
the element is that level, which 90% of the time the background will be noisier (usually 45–55 dB(A)). In
order to be veiled by the background noise, the transmitted noise should be approximately 10 dB(A) lower.
This implies that, in very quiet neighborhoods, provision of privacy between rooms requires minimum
acoustic insulation levels of 35 dB(A), whereas in noisier neighborhoods it may require only 25 dB(A).

The index Ia of a component indicates the airborne noise reduction in dB(A) between two spaces
separated by the component.

The acoustic insulation against transmission of impact noise, which is created by walking or dropping
objects on floors, is determined by a standard test method (Ref. [e.16]) and is denoted by the index Ii. The
test consists of a standard tapping instrument mounted on the floor and measurement of the noise level
obtained underneath the ceiling below, Ii, in dB(A). Commonly accepted noise levels are Ii �  65 dB(A) for
regular occupancies above the tested floor, and Ii �  45 dB(A) for highly populated occupancies, such as
passages and corridors, commercial spaces, and school classes. These criteria are based on experience and
take into account the fact that the standard instrument exaggerates the regular noise created by walking to a
large extent.

Although acoustic insulation of the various elements is affected by the type of supports and rigidity of
connections to adjacent elements, it is common practice, when considering prefabricated building systems,
to assess each element separately. The most common formula used for estimating Ia of massive elements is

(4.10)
where m is the mass per unit area of the element (kg/m2).

Typical values are given in Table 4.4. For nonmassive elements, formula (4.10) does not apply, and Ia has
to be determined by a test (Ref. [e.9]). Some typical values for lightweight partitions, composed of a metal
frame and gypsum wallboards, are given in Table 4.5.

Dry joints have to be completely sealed in order to prevent airborne

Table 4.4 Typical values of Ia for concrete elements

Thickness of concrete element (mm) 50 100 150 200

Ia (dB(A)) 38 45 49 53 
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Table 4.5 Typical values of Ia for lightweight partitions composed of gypsum wallboard on a metal frame

Partition construction Ia (dB(A))

70 mm thick partition with one 10 mm board on each side 33

As above, but with 25 mm mineral wool in the airspace 46

90 mm thick partition with two 10 mm boards on each side and 25 mm mineral wool 51

noise transmission (even thin gaps may transmit noise, mainly within the highfrequency band).
Prevention of excessive sound reverberation, which may obscure clarity of speech, is obtained by

controlling the total acoustic absorption of the space. Interior furniture, drapes and carpets, and people, add
to the absorptive surface area. Design is based on computation of the reverberation time T60 (which is the
time required for reducing a standard noise created within the space by 60 dB) and comparing it to a limit
design value. The latter depends on the volume V of the space and the activity type. Graphs of T60 versus V
for various occupancies are usually presented in the acoustic literature (Ref. [f.9]). For regular residential
buildings the value T60� 1 sec is advised.

The reverberation time T60 is given by the formula

(4.11)

in which  is the acoustic absorption area of the room. This is composed of

(4.12)
where � i=the acoustic absorption coefficient of the ith surface

Si=the area of the ith surface (m2)
This criterion is fulfilled by the sum of properties of the total internal envelope of the space and therefore

does not impose particular restrictions on a given element. The manufacturer should thus document the
acoustic absorption properties of the various surface materials, and it is the task of the designer to join the
adequate elements so that the total criterion is met.

4.10
Visual comfort

Visual comfort is related to the levels of natural and artificial lighting, on one hand, and the prevention of
glare on the other. Required levels of artificial lighting do not impose any restrictions on the prefabricated
elements, except for the trivial requirement of inclusion of electrical tubing. Required levels of natural
lighting and glare prevention dictate the size of windows and shading devices. These are also influenced by
the general requirements for visual contact with particular site views and for ventilation.

The dimensions and locations of windows and fixed shades are established during the design stage of the
building as a whole. They have a strong bearing on the overall appearance of the facades, as well as on
visual comfort inside the building, and these topics have to be considered simultaneously. A discussion of
the attribute on the component level may be misleading and is thus excluded from this chapter. The reader
may find a detailed presentation of the subject in [f.10, f.11].

94 INDUSTRIALIZED AND AUTOMATED BUILDING SYSTEMS



4.11
Water-tightness

In prefabricated building systems, the problem of water penetration is usually restricted to the joints
between the elements. This is due to the fact that the concrete components of the external envelope are cast
horizontally, using a dry and dense concrete, with a water/cement ratio of 0.6 or less, intensive vibration is
applied and, in most cases, this well-established code of practice results in a watertight concrete. Assembly
methods, however, are diverse. Most of them use in situ cast concrete as a structural connective material.
Since shrinkage is unavoidable, thin cracks may develop between the precast elements and the younger in
situ concrete and enable moisture and water penetration by the combined actions of capillary suction,
gravitational flow, and wind-induced pressure differences. Analysis of watertightness of wall joints is
almost impossible, except for very-well-established standard types of open horizontal step-joints. For most
of the other joints, and especially for new types, testing of prototype elements and finished buildings is the
only means for assessment of watertightness. The tested specimens should include a junction of the vertical
and horizontal joints. The water flux and pressure, difference during the test should be based on the
strongest storm, lasting at least 6 hr, that may occur in 50 years. In most cases, the flux is between 50 and
100L/hr•m2, but since the effect of enlarging its value beyond 50L/hr•m2 is negligible, it is not mandatory to
use the exact statistical value, and tests are usually performed using 100 L/hr•m2. The pressure difference p
(in pascals) is established by the formula

(4.13)
where �  = air density (1.24 kg/m3).

�  = characteristic wind velocity (in m/sec) at the height of the building’s upper floor. Values are modified
from maximum open-field wind velocities by means of Davenport’s formulas and coefficients, taking into
account the typical sites and topography and expected limit of a building’s height. The open-field value is
established from the 1.0 hr wind velocities, with a repetition period of 50 years.

C = shape coefficient, which accounts for the difference between external pressure and internal suction.
In most cases, C� 1.0. However, for some complicated building shapes, values as high as 1.25 may be used.

Inclined walls and roofs may be tested in a similar manner, but the value of C should be modified
accordingly.

The height of the step in a horizontal open step-joint should be larger than the water head equivalent of p.
For vertical joints, experience has shown that the two-phase ventilated joint performs usually very well as

long as drainage at the bottom is provided and concrete does not enter into the decompression space. Closed
joints are more prone to malfunction, stemming from cracking or other types of local damage to the joint
filler.

The solutions for watertightness of flat roofs usually include more than one protection line. First, the
joints are protected by a flexible membrane, which should be resistant against tearing by crack movement,
and then the whole roof area is covered. Thermal insulation may be placed between the two layers (builtup
roof) or on top of the second one (inverted roof). Each of the protection lines has to be tested separately by
means of a flood test for 24 hr. The water level should be based on the amount of rainwater that may
accumulate during the strongest storm mentioned above. Common values are 50–100 mm.

For detailed guidelines for the design of joints see [f.12].
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4.12
Condensation control and resistance to mold growth

In some cases, visible moisture occurs on internal surfaces of the exterior envelope as a result of
condensation. Since precast concrete elements are almost nonabsorbent, the condensed water film
accumulates on the surface and sometimes even drips from the top ceilings. When the phenomenon persists,
mold starts growing on the surfaces. When condensation and subsequent evaporation alternate frequently,
paints may peel off. Today these phenomena are considered as a building failure and should be prevented.
The elimination of surface condensation under regular use conditions (i.e. for at least 90% of the time)
usually helps in preventing the occurrence of the other faults mentioned above. Surface condensation is a
result of surface temperatures that are lower than the dewpoint temperature associated with the humidity
ratio of the room air, pi. This leads to the criterion for a minimum level of thermal insulation that would
ensure a surface temperature  that is not smaller than the design surface temperature T*id, which is larger
than the characteristic dewpoint temperature Td by 0.5–1.0°C. The dewpoint temperature in each unit of the
building stems directly from pi, which is obtained according to the typical occupancy density and internal
moisture supply (e.g., in dwellings it is required to consider two persons per room, who supply 50 g H2O/hr
each, and an internal moisture source of Q=1000 g, which stems from cooking, dining, washing, etc.). The
quasi steady-state humidity ratio pi in gH2O/kg dry air is computed from the formula

(4.14)

where S=internal continuous vapor source (g/hr)
N=number of air changes (hr)
po=humidity ratio of exterior air (g H2O/kg dry air)
V=volume of the design space unit (m3)
� =density of dry air=1.24 kg/m3

The dewpoint temperature Td associated with pi is obtained from psychrometric charts given in Ref. [b.
4]. 

The required thermal insulation is given by formula (4.4), presented in Section 4.8, in which , is
substituted by  according to the safety level demanded. Since r depends
on the combinations of To and po, they should be considered simultaneously. The required design value is
identified with the largest r that would be required during 90% of the time. This value is considered
together with the one obtained in Section 4.8, in order to specify the minimum required level of thermal
insulation.

In some cases building codes or standards specify minimal r values that are intended to ensure comfort,
prevent surface condensation and save energy. Where this is the case a detailed analysis is not requested.

Example

No condensation should occur when the external temperature is  and the relative humidity is
RH=80%, in a building with the following design data: twobedroom dwellings with a net floor area of 75m2,
and a floor to ceiling height of 2.5 m. Assume that, on average, infiltration causes N=0.5 hr, and the internal air
temperature is Ti=18°C.

The internal humidity ratio pi is, according to Eq. (4.14),
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The characteristic dewpoint temperature is thus, according to Ref. [b.4], Td =16.0°C. Since the walls
are composed of dense nonabsorbent concrete, the requirement of preventing condensation leads to

 at least, and from Eq. (4.4) the required thermal insulation of the walls
is

For a sandwich wall that is composed of an external layer of 60 mm concrete and an internal layer of
120 mm concrete and foamed polystyrene FPS as the thermal insulation, this implies an FPS layer
with thickness d, which is obtained from Eq. (4.5),

thus

When extreme conditions occur it may be impossible to prevent condensation even on well insulated
elements. But in most cases the condensed water would be absorbed into the upper surface layer and
evaporate later, when drying conditions prevail. In order to prevent the growth of mold on internal surfaces
during these extreme periods, the effect of surface materials should be accounted for. Porous polymeric
emulsion paints and thin wall coverings, which do not contain fungicides, are very sensitive to mold growth
and may be used only where the risk of condensation is very low (dry rooms, such as living rooms and
bedrooms, in wellheated buildings (Ti � 18°C) and in nonhumid cold climates (To� 10°C, RH <85%). In
sensitive climates (mild temperature To� 10°C and high humidity RH� 85%), and in “humid” rooms
(kitchen, bathroom), only well-certified fungi-resistant paints and wall coverings should be used.

4.13
Resistance to mechanical damage

In contrast to other prefabricated building systems, those composed of precast concrete elements are not
susceptible to local damage under service conditions due to hard or soft body impact, scratching, abrasion,
chipping, and so on. Mechanical damage, however, may occur during the various production, handling, and
assembly stages, mainly in the form of breakage along sides and corners. Independent of the repair
technology, all the previously mentioned performance criteria should be met by the assembled elements
(mainly structural safety, air and watertightness, and appearance, which are the most sensitive to inadequate
repair techniques). Some performance specifications may thus require that the repair techniques be specified
by the manufacturer and that during the tests repaired elements be used.

4.14
Durability and resistance to corrosion and weathering

The requirements discussed above have to be fulfilled by the building system throughout the design life of
the buildings. The criteria are based on conditions that may occur at any time during this period, but
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compliance is assessed on the basis of computations and tests that account for the characteristic properties
of the materials during their early age (say first few years). However, the deterioration of material
properties, due to various weathering mechanisms, may affect the level of performance under similar
conditions, so that different levels may be achieved at different ages of the building. Two main approaches
are used for coping with this problem. One is based on specifications of maintenance-free life expectancies.
This implies that the building elements and their connections have to be designed and manufactured so that,
in spite of the deterioration during the years, the level of performance, maintained at the end of the given
life expectancy period, would comply with the stated criteria. Different life expectancies are established for
different building parts. At the end of these periods, maintenance and repair, up to complete replacement,
may be allowed. The second approach is based on the life-cycle cost concept. Maintenance and repair are
not regarded as a menace, but as a means for achieving the same ends, the cost of which should be added
properly to the initial costs. Aggravation caused by frequent indulgence in these actions is also expressed by
monetary terms.

The first approach requires assessment of performance criteria before and after weathering and usually
results in overdesign at the initial stages, leading mainly to higher initial costs. The second approach relies
on documentation of maintenance and repair procedures and their costs. 

Independent of the approach preferred, the designer and manufacturer need to know the possible
deteriorative mechanisms and their effect on performance. For well-known materials, such as wood,
concrete, steel, aluminium, and some plastics, the specific literature supplies this information and, in many
cases, includes also data on life expectancy under various environmental conditions. For newly developed
materials or composites, the lack of in-use experience has to be supplemented by extensive laboratory
simulations. Accelerated weathering tests are used to investigate the effect of each deteriorating factor
separately (such as moisture movement, ultraviolet radiation, chemical corrosion, and sand and wind
abrasion), and in some cases the combinations of factors are examined as well. In general, the cumulative
effect of the deteriorative factors has to be investigated, thus leading to different test periods for different
elements, according to their exposure conditions. For example, to simulate the effect of ultraviolet summer
radiation on a horizontal roof covering, about 6 hr of high exposure levels per day have to be simulated.
Considering the four main summer months, this implies more than 700 hr of testing for the simulation of 1
year. For a vertical wall covering, the worst exposure conditions are encountered on a southeast facing wall.
Less than 3 hr/day of high exposure levels need simulation, therefore leading to less than 350 hr of testing
for the simulation of 1 year. The complexity of this topic prohibits a simplistic approach, and whenever a
new building material is considered, a thorough investigation by experts is mandatory. Only some
highlights that are typical to precast concrete systems are summarized here.

For reinforced concrete elements, the main deteriorative causes are corrosion of the reinforcing steel and
sulfate attack of the concrete. Based on wellestablished test results and in-use experience, the codes of
practice for exposed elements recommend the use of dense concrete, with a water/cement ratio, � , not
larger than 0.6. Where sulfate attack may be more severe (near the seashore or in the vicinity of industrial
areas) lower levels, up to �  �  0.5, are required. In regions of contact with salty seawater, a sulfate-resistant
cement should be used as well. To ensure the passivation of steel by the alkalinity of the cement matrix, the
codes of practice recommend a minimum level of cement content in the concrete mixture, between 220kg/m3

for noncorrosive exposure conditions (dry, inland, etc.) and 300kg/m3 for severe conditions (seawater,
industry, etc.). As for the building details, the reinforcement cover is the main protective means. Thicknesses
should be between 10mm for noncorrosive conditions and 50mm for elements in contact with seawater.
These means of protection are effective in ensuring a long life expectancy (of about 50 years) only if good
workmanship is guaranteed. The main emphasis is made on ensuring that concrete consistency is well suited
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to the casting and compaction methods, so that segregation is prevented, and on an adequate curing time (7
days at least for moderate exposure conditions, and up to 14 days for severe exposure). A detailed
presentation of the design rules for durability of concrete structures is given in Ref. [f.13].

Joint sealants and water membranes are usually sensitive to ultraviolet radiation. The life expectancy of
some commonly used materials, when applied without any protective cover, are given below: 

Bituminous emulsions: 3–5 years
Bituminous membranes: 10–15 years
Polyvinyl chloride membranes: 10–15 years
Membranes of Hypalon, Neoprene, EPDM, and butyl rubber: 15–30 years
Polyvinyl chloride joint profiles, strips, and fillers: 15–25 years

When covered by protective layers, such as felt and gravel, or even a simple permanently maintained
whitewash, the roof membranes’ durability may be extended by tens of years.

The life expectancy of joint materials may be similarly extended by special profilation of the joint, so that
self-cast shadows preclude the deteriorative effect of direct sun radiation.

4.15
Documentation

Documentation of the performance characteristics of building systems and components is necessary for the
sake of clear communication between the three main parties involved in the building process (manufacturer,
designer, and user).

The form of the document would, of course, depend on whether it is prepared by the manufacturer or by
an objective institute, such as an Agrément board, but the main contents should, in both cases, be based on
the information that interests the designers and users. The features of proper documentation are presented
below. A distinction is made, where necessary, between closed building systems and components intended
for open building systems. Generally, in the first case, the documents may contain information either on the
component level or on the space level, whereas in the second case only the component level is presented.

The documents for industrialized building systems should usually include the following information
items:

1 A technical listing and description of the various elements, including their dimensions, manufacturing
tolerances, cross sections, and end profiles; the materials used for all parts and their classification (e.g.,
steel ST37, concrete B30); the methods of connection to adjacent parts and joint tolerances. For
individual components, it should be made clear how they are incorporated into various types of
building systems. Technical drawings are essential.

2 A brief technical description of the manufacturing, handling, assembly, sealing, and finishing
processes.

3 A list of the performance characteristics according to the various attributes. It should contain at least
the following information:

• An explanation of the static schemes for vertical and horizontal loads.
• For individual load-bearing components, the load-bearing capacity with regard to transverse loads and in-

plane shear forces.
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• For layered external insulated walls, the resistance of the connection (between the internal and external
layers) to cyclic thermal movements (including fatigue resistance). 

• For partitions, the means and method of attaching various fixtures, the bearing capacity with regard to
eccentric loads, and the resistance to horizontal soft body impact.

• Fire endurance of each element. It is recommended to distinguish between the structural and insulative
fire endurance.

• For individual components, the fire classification of the various materials, accounting for combustibility,
spread of flame, smoke density, emission of noxious gases, and dripping of hot matter.

• For a closed system, the fire classification of the individual components as above, or where possible, total
indices for the various spaces.

• For very thin floor slabs, the natural frequency and maximum amplitude (of deflection or acceleration)
under foot traffic.

• For elements of the external envelope, the thermal resistance and total time constant of typical cross
sections, and thermal resistance of any thermal bridges.

• For closed building systems and designs, the voluminal heat conduction of the various building units.
• Airborne noise reduction index for all the building components.
• For floors, the acoustic noise transmission under impact noise.
• For closed building systems and designs, the reverberation time of the various spaces, or acoustic

absorption coefficients of all internal surface materials.
• For individual components, the acoustic absorption coefficients of internal surface materials.
• Light transmission of transparent components.
• For closed building systems and designs, the daylight factors of the various spaces.
• For new surface materials, rates of emission of toxic gases, volatile organic compounds, fibers or

particles under regular use conditions, resistance to mold growth, abrasion and scratch resistance, bond
strength to typical substrates, and cleaning methods whenever different from the conventional ones.

• Maintenance procedures and the recommended frequency of maintenance acts.
• Life expectancy of all elements under various exposure conditions.

4.16
Summary and conclusions

The performance concept is applied in specifications, standards, and contracts to ensure the end uses of the
building without dictating the materials or building system. Performance requirements for safety, comfort,
and durability are expressed quantitatively by a detailed list of criteria, which define the design values of the
generalized loads that act on the building elements (e.g., external temperatures, created noise, wind forces,
fire duration), and the design values for their consequences (e.g., thermal resistance, noise reduction,
deformations, fire endurance). 

The manufacturer of a particular industrialized building system or component may use this information to
produce a series of similar components with a few discrete levels of performance, which cover the entire
range of requirements. Fulfillment of the criteria by the building details and connections is essential. For
proper communication of information from manufacturers to designers and users, well-documented
performance levels for all the relevant attributes (e.g., thermal resistance, fire endurance, acoustic insulation
index) should be provided in addition to the regular drawings.

The designer of a project has to choose that combination of components which not only satisfies all the
criteria that are imposed directly on the elements but also enables a prompt solution for the criteria that are
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imposed on the building spaces (such as total energy consumption, reverberation time, and water- and
airtightness). By carefully following this process the overall performance of the whole building may be
ensured.

Assignments

4.1 Prepare a checklist of the performance criteria which are included in regulations, design codes,
standards, and performance specification documents, and imposed on residential buildings in your
region.

4.2 For the list of prefabricated wall and floor components of the typical residential building shown in
assignment 2.1, Chapter 2, suggest the materials from which to compose each component, and
determine the thickness of the various layers required to meet the relevant set of performance criteria.

4.3 Select on the erection drawings (of assignment 3.4, Chapter 3), one of each of the joints between (a)
two external wall components (a flat joint, a convex corner, and a concave corner); (b) two external walls
and an internal load-bearing wall; (c) as in (b), but with an internal partition; (d) two internal partitions;
(e) two internal load-bearing walls. Prepare deailed drawings of horizontal cross sections through
these joints, and explain the means utilized to fulfill the relevant performance criteria and to impede
malfunction.

4.4 Draw vertical cross sections showing details of typical joints between the horizontal floor
components and the external walls, partitions, and loadbearing walls. The drawing should include at
least one typical intermediate floor, the bottom floor, and the top floor. Explain the means utilized to
fulfill the relevant performance criteria and to impede malfunction.
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5. DIN 4102, Fire Behaviour of Building Materials and Building Components, Parts 1 to 13.
6. DIN 4108, Heat Insulation in Buildings, Parts 1 to 5.
7. DIN 18195 Waterproofing of Buildings, Parts 1 to 10.
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9. DIN 4109, Sound Insulation in Buildings.
10. DIN 4150, Vibrations in Buildings, Parts 2, 3.
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12. SI 1045, Thermal Insulation of Buildings, Parts 1, 2.
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1, 2.
14. SI 466, Concrete Code, Parts 1 to 5.
15. ACI Standard 318, Building Code Requirements for Reinforced Concrete, 1983.

e. Standard test and assessment methods

1. ANSI/ASTM G7–89, Practice for Atmospheric Environmental Exposure Testing of Non-metallic Materials.
2. ANSI/ASTM G21–90, Practice for Determining Resistance of Synthetic Polymeric Materials to Fungi.
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14. ANSI/ASTM E331–92, Test Method for Water Penetration of Exterior Windows, Curtain Walls, and Doors by
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15. ANSI/ASTM E455–76, Method for Static Load Testing of Framed Floor or Roof Diaphragm Constructions for
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17. ANSI/ASTM E547–93, Test Method for Water Penetration of Exterior Windows, Curtain Walls, and Doors by
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18. ANSI/ASTM E564–95, Standard Method of Static Load Test for Shear Resistance of Framed Walls for
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19. ANSI/ASTM E632–82, Practice for Developing Accelerated Tests to Aid Prediction of the Service Life of

Building Components and Materials.
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1977.
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4. “Graphic Design—Concrete Structures”, Comité Euro-International du Beton, CEB Bulletin D’Information No.

209, 1991.
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6. E.Neufert, Architect’s Data, Blackwell Science Ltd, 1995.
7. N.B.Hutcheon and G.O.P.Handegord, Building Science for a Cold Climate, Fredericton N.B. Construction

Technology Center Atlantic, 1989.
8. T.A.Markus and E.N.Morris, Buildings, Climate and Energy, Pitman Publishing, London, 1980.
9. J.E.Moore, Design for Good Acoustics and Noise Control, Macmillan Press, London, 1978.
10. B.P.Lim, K.R., Rao, K. Tharmaratnam, and A.M. Mattar, Environmental Factors in the Design of Building

Fenestration, Applied Science Publishers, London, 1979.
11. The Building System Integration Handbook, R.D.Rush, AIA Editor, Wiley, New York, 1986.
12. Code of Practice for Design of Joint and Jointing in Building Construction, BSI, BS 6093.
13. Guide to Durable Concrete, ACI 201.2R-77, ACI Manual of Concrete Practice, Part 1, 1986. 
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Chapter 5
Production Technology

5.1
Introduction

The production technology of prefabricated building components is characterized by the following features:

• The materials used for production.
• The sequence of operations that compose the production process.
• The equipment used for this purpose.

Although the prefabrication principles discussed in this book can be applied to various production
technologies, the currently prevailing one uses concrete as its main material. Precast concrete technology is
therefore the subject of this chapter, with particular reference to the following topics:

• Main materials used in production—cement, aggregates, admixtures, reinforcing steel.
• Preparation of concrete mix.
• Concrete curing.
• Production of main concrete elements—the process and equipment used for this purpose.
• Erection and jointing of elements onsite.

This chapter is descriptive in nature and briefly reviews the elements of concrete production technology
essential for understanding the prefabrication process. A more fundamental treatment of this subject can be
found in Refs. [5, 6, 15] and other texts. A specific reference to concrete production in prefabrication plant
can be found in Refs. [3, 18]. 

5.2
Materials

Matrials used for precasting of concrete elements include concrete mix and its components—cement,
aggregates, reinforcing steel, and various admixtures. A very brief review of these materials together with a
reference to their detailed specifications will follow. Different fixtures—electrical conduits, plumbing,
window and door frames, inserts, bolts, and hangers—which are embedded in concrete or attached to it,
constitute distinct industrial products governed by their own production procedures.



Cement

The currently used cements may be broken down by their composition into the following main categories [1]:

1 Portland cements made of pulverized clinker. Clinker, which consists essentially of tricalcium and
dicalcium silicates, makes up to 90–95% of the cement content.

2 Portland cements blended with other materials, such as slag, fly ash, or pozzolan, whose quantity
does not exceed 35% of unit weight.

3 Blast furnace cement consisting of clinker and a large component of slag (more than 35%).
4 Pozzolanic cement consisting of clinker and a large component of a pozzolanic material (more than

35%).

By special chemical or physical treatment, cement may attain certain desired properties, such as rapid
strength development, low hydration heat generation, sulfate or alkali resistance, expansiveness, and a
particular color.

The main types of cement by their function, used in precast concrete production, are the following:

• Ordinary Portland Cement. This is defined as Type I in the United States (ASTM-C150)† and as OP in
the United Kingdom (BS12), and is used in the production of most concrete components. The 28 day
compressive strength of a standard mortar, made with an ordinary Portland cement, varies according to
different national standards between 20 and 40 MPa. (It depends on the composition of the trial mix,
which also varies. Most frequently, the specified mix has a 1:3 cement/sand ratio and 0.4–0.6 water/
cement ratio.) The early strength of cement, which is of a particular importance to prefabrication, varies
within wide limits. In general its strength after 2–3 days is 30–40% of the 28 day strength, and after 7
days is 50–70%.

• Rapid Hardening Cements. The Portland cements in this group are specified in most national codes.
They attain earlier and usually higher strength than  comparable ordinary cement. For example, the
American Type III cement (as defined by ASTM C150) attains, after 1 day, the 3 day strength of an
ordinary cement, and after 3 days by 25% higher strength than the ordinary Type I after 7 days. Different
types of ultra-high or super-high early strength cements, which attain high strength even faster, are
marketed in various countries. The different types of rapid hardening cements may be of particular
interest in precasting to enable a fast turnover of molds. The application of special rapid hardening
cements, however, should be administered with care. They may have various limitations with respect to
their usage. This is true in particular for aluminum cement, which was found to lose a considerable
amount of its initial strength under temperatures exceeding 25°C and humid ambient conditions, and may
also affect corrosion of reinforcement.

• High-Strength Portland Cements. High-strength cements attain up to 50–60 MPa after 20 days. Many of
these cements develop a full strength of an ordinary 20 MPa cement after 1–3 days.

• Sulfate-Resisting Portland Cement. This is used in elements exposed to sulfate contact.
• White Portland Cement. This has a similar composition to an ordinary Portland cement but a very low

iron content. This cement is used for production of precast architectural concrete components with a
required white or colored (with addition of pigments) surface.

† See list of codes and standards at end of Chapter 9. 
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The chemical composition, physical properties, and testing methods of these cements are defined in national
standards of various countries. These standards are reviewed in the Cembureau publication, Cement
Standards of the World [1].

Blended Portland cements, mainly those utilizing fly ash, with similar strength characteristics to ordinary
Portland cements, are increasingly being used. They may differ from an ordinary cement, however, in their
setting times and early strength characteristics under various curing conditions.

Other types of cement—for example, blast furnace, pozzolanic, low heat, and expansive—are rarely used
in precasting.

Cement is supplied in bulk and stored in 500–2000 kN silos or bins. It may also be supplied in 400–500 N
paper bags. Cement is very sensitive to moisture and therefore should be stored only for short periods of time
(not exceeding 2–3 months) even under reasonably damp-proof conditions.

Aggregates

Aggregates are often classified, according to their bulk density, as lightweight— below 1100 kg/m3, normal
weight—1100–1750 kg/m3, and heavyweight—above 2100 kg/m3. Normal weight and some types of
lightweight aggregates are used in the production of precast concrete elements. Aggregates are also
classified, according to their size, as fine—below 5 mm diameter, and coarse—5 mm and above.

Normal weight aggregates (average density 1400–1600 kg/m3) are sand and gravel, which are found on
riverbeds and the seashore (sand), and crushed rock. Their more important attributes for concrete use are
shape, texture, cleanness, durability, chemical stability, abrasion resistance, volumetric stability, absorption,
and moisture content.

Lightweight aggregates can be natural, for example, pumice and scoria, or artificial, for example,
expanded clay, expanded shale, foamed slag, fly ash, and polystyrene beads. The average bulk density of
lightweight aggregates used for structural precast concrete production is 800–1100 kg/m3, and the density of
concrete produced with them is 1400–1900 kg/m3.

Admixtures

Admixtures are materials added to concrete mix to improve some attributes of its performance. The
following are their more important groups.

Air-entraining admixtures

These admixtures increase the volume of air entrained in concrete from the regular 0–2% to 4–6%. They
increase the hardened concrete’s resistance to adverse frost effects and also improve the concrete mix
workability. Air entrainment may somewhat reduce concrete strength, especially early strength. The
maximum percentage of entrained air may reduce concrete strength by up to 10–20%.

Accelerating admixtures

Admixtures accelerate the concrete hardening process, which may shorten, in precasting, the mold
utilization cycle. Calcium chloride, once widely used, could cause accelerated development of concrete
strength. Today the use of calcium chloride in precast concrete is not permitted under most codes because
of its corrosive influence on reinforcing steel.
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Retarders

Retarders are used to slow down the hardening of concrete. They are often used to attain an exposed
aggregate surface in architectural concrete precast elements. The delay in the hardening process allows
washing away of the cement paste from the face of an element after its removal from a mold. A retarder
may also be added to a concrete mix if, for some reason, a delay is anticipated between concrete mixing and
placing.

Water reducers (plasticizers)

Water reducers improve workability of concrete without increasing their water/cement ratio. Consequently,
they may be used to improve the workability of a given concrete mix or to lower the cement (and water)
content of a mix without affecting its final strength and workability. High-range water reducers (super-
plasticizers) may allow preparation of a workable mix with a water/cement ratio of 0.3–0.4 and thereby aid
in attaining with an ordinary quantity of cement a very high initial strength of concrete. Some water
reducers also act as accelerators or retarders.

Microsilico

Microsilica (silica fume) is a mineral admixture—a byproduct of industrial processes. When added to the
concrete mix it considerably enhances concrete strength and density. High strength concretes of up to 120
MPa are produced using microsilica admixture.

Pigments

Pigments are added to cement, mostly white cement, to produce concrete of a desired color. They are made
of various metal oxides in yellow, black, blue, brown, green, white, red, and other colors.

A thorough discussion of those groups and various recommendations for their application are included in
Ref. [13], in ACI 212, in BS 5075, and other sources.

Reinforcing steel

The following types of reinforcement are used in precast concrete elements:
Round bars are made of carbon steel and low alloy steel with a yield strength, depending on the particular

type of steel used, in the range between 200 and 400 MPa. Their ultimate tensile strength is mostly about
50% higher. The bars can be plain or deformed and their diameters are usually between 5 and 50 mm. The
standard length of supplied bars is 12.00–18.00 m. They can be welded, if needed, at connections. They can
also be used in mats made of perpendicular bars welded or tied to each other, at their points of intersection.
Such mats can be used as a reinforcement of slabs, walls, and other planar elements.

Wire fabric is made of longitudinal and transverse cold drawn steel wires 3–6 mm in diameter and
welded to each other at their points of intersection. Size and spacing of wires may be the same or different
in both directions. The yield strength of cold drawn wires is 400–500 MPa and their tensile strength 500–
600 MPa. The fabric can be conveniently cut to size of various planar precast elements and reinforced by extra
bars when needed. The fabric is usually supplied in rolls 1.50–2.00 m wide and up to 50.00 m long.
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Prestressing wire, 3–8 mm in diameter, is made of high-quality steel with a yield strength of 1200–1700
MPa (depending on the wire diameter) and a tensile strength of 1400–2200 MPa. The wires may be used
separately or in strands containing several wires. The wire is supplied in drums. 

Fibers of steel, glass, polypropylene, and other materials are sometimes used as reinforcement in thin
concrete members, or other special elements. Their advantage is that they can be added to concrete mix and
save reinforcement placement as a separate activity. Fibers of different types also improve various aspects of
concrete performance. Glass-reinforced concrete (GRC) is used for nonbearing curtain wall decorative
elements.

The required performance of the various types of reinforcement is specified in National Standards, listed
at the end of Chapter 9.

5.3
Concrete mix

The discussion of the concrete mix properties includes a review of the basic requirements from concrete, the
design parameters and the method for their determination.

The basic requirements

The basic requirements from a concrete mix for precast elements are governed by the following
considerations.

Strength

Concrete strength in precast elements is the major design parameter for their eventual service under
imposed loads and also for their handling during the production, transportation, and erection. The target
strength for design is the 28 day compressive strength of a cube or cylinder (as defined by different national
standards) specimen. The interpretation of this measured strength for control purposes will be discussed in
Chapter 9. The critical instance of element handling is during or immediately after its demolding, when the
concrete has attained only a portion of its designated 28 day strength. The designated 28 day strength of
precast concrete typically varies between 20 MPa for regular bearing nonprestressed elements and 40–60
MPa for prestressed concrete slabs, beams, and columns. In special elements, concrete of up to 120 MPa
strength is used. Under a temperature of 20°C, concrete is expected to attain 25–30% of its 28 day strength
after 24 hr, and 60–70% after 7 days. The minimum strength required for demolding of a nonprestressed
element is about 10 MPa. The releasing of prestressing tendons requires a strength of 30–35 MPa. Various
methods of concrete treatment to attain an early required strength are discussed later.

The 28 day strength of concrete, with a given type of cement, is determined mainly by the water/cement
(w/c) ratio in the mix. Reduction of the w/c ratio from 0.7 to 0.4 may increase the strength of concrete from
20 to 50 MPa. The strength of concrete is also affected by the type of cement used and by the quality and
composition of the aggregates. 

Workability

The ease with which concrete can be placed and compacted with a defined compacting method is measured
through the slump test and compacting factor test (or the V-B test). The slump test, most commonly applied
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for plastic concrete, measures the subsidence of a conical molded specimen of concrete mix after removal
of the mold. The recommended slump of a mix for precast concrete elements is between 30 mm (stiff
mixture) for horizontally cast elements and 90 mm for thin vertically cast elements. The V-B test is
commonly used for dry “no-slump” mixes used for hollow core slab production. It measures the time it
takes for a standard cone of concrete to be transformed into a cylinder under a prescribed vibration method.
The workability for a specific compaction is determined by the amounts of water and cement used and by
the composition of aggregates—coarse versus fine—in the mix.

Durability

This is reflected in the resistance capacity of hardened concrete to ambient conditions—heat, cold, wetness,
mechanical effects, and chemical attack. A very important factor governing durability is the water/cement
ratio. It is also affected by selection of appropriate aggregates, cement, admixtures and curing. Typically,
the durability of concrete increases with the quality of aggregates used, lower water/cement ratio, and
longer curing period.

Durability of concrete against sulfates or other aggressive chemicals requires appropriate selection of
cement (as noted before) and aggregates.

Durability of concrete against freezing and thawing effects requires application of air-entraining
admixtures of suitable characteristics.

Weight

The density of precast concrete with regular aggregates is 2300–2400 kg/m3. The density of lightweight
structural concrete, using lightweight aggregates, varies between 1400 and 1900 kg/m3, and that of
nonstructural lightweight concrete varies between 500 and 1000 kg/m3.

Exterior appearance

This is affected by the choice of cement and aggregates of appropriate shape, texture, color, and special
admixtures.

An extensive discussion for concrete properties and recommendations, with respect to selection of its
appropriate mix, are included in Refs. [6, 7, 16], in ACI 211, and other sources. The mix selection
procedure is briefly reviewed here. 

Parameters of concrete mix

The key parameters of the concrete mix are the water/cement ratio, the water content, the cement content,
the aggregates’ content, and their composition.

1 Water/cement ratio is the ratio of free water (exclusive of the amount absorbed by aggregates) weight
to the cement weight in the mix. It is determined from the required designated 28 day strength of
concrete or durability requirements. Typical relations between the w/c ratio and 28 day cube (or
cylinder) strength of concrete depend on the type of cement used. The w/c ratio typically varies
between 0.4 and 0.7.
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2 Water content in the mix is determined by the desired workability and the composition of aggregates.
The water content varies typically between 1.2 and 2.0 kN/m3 of concrete mix. Usually, a higher
water content will be required with a smaller size of coarse aggregate, for a given concrete
consistency. Uncrushed aggregates require less water than crushed ones to attain the same
workability. Water content may be reduced by using plasticizers.

3 Cement content is determined by dividing the water content by the w/c ratio. A minimum cement
content is also determined by durability considerations; in general, it should not be less in precast
elements than 2.4 kN/m3, and not more than 5.5 kN/m3.

4 Aggregate content is determined by subtracting from the total density of concrete (2300–2400 kg/m3)
the weight of cement and water as established in the former steps. The composition of aggregates into
coarse and fine will be determined by the cement content, desired workability, and the nominal
maximum size of the coarse aggregate. Typically, the weight ratio of fine to total aggregates content
will be in the range of 0.30–0.45.

Other parameters that must be controlled under special conditions are the following:

5 Air content, under freezing and thawing conditions, or for improved workability. It can be attained
with appropriate admixtures.

6 Temperature, which should be maintained between 10°C (under cold weather) and 30°C (under hot
weather).

The data necessary to establish the free water/cement ratio, water content, and aggregates gradation for a
preliminary mix estimate are given in various sources with due regard to local conditions, e.g. in Ref. [6] or
ACI 211.

Aerated concrete precast units

Precast elements for partitions, walls and roof slabs are made of aerated concrete with a very low density,
500–800 kg/m3. The concrete is obtained by applying high-pressure steam curing (or autoclaving) to a
slurry of Portland Cement or lime and finely ground siliceous sand. The air voids in the concrete result from
a reaction between the slurry and the aluminum powder that is added to it. The elements are usually
produced in a modular width of 500–750 mm and of varying lengths and thicknesses. Large, room-size
elements are also produced in some places—for example, the MISAWA plant in Japan, described in
Chapter 6—but they require large-size kilns for autoclaving and a special production process. The
compressive strength of aerated concrete is 2.5–4.0 MPa. It can be used for structural purposes—bearing
walls, slabs with light loads—with reinforcement protected against corrosion. The main advantages of
aerated concrete elements are their low weight, low thermal conductivity, and high fire resistance. Other
important features are described in Ref. [14] and other sources.

5.4
Placing and processing of concrete

Concrete, during placing, should be thoroughly compacted to form a solid voidfree mass, having the
required surface finish. Vibration should accomplish full coating of the coarse aggregate and reinforcement
with the cement paste and eliminate air voids in concrete.
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Four methods of vibrating are applied:

1 Internal vibrating—vibrator is immersed in the concrete mix.
2 Surface vibrating—vibrator is applied to the exterior surface of the placed concrete and its effect is

relayed inward.
3 Mold vibrating—vibrator is attached to the mold and the vibration is transferred through it to the

concrete mix.
4 Vibrating table, which also applies external vibrating as in the former case; however, the table and the

superimposed mold are separated from the base by springs or other system.

A detailed description of these methods and recommendations for their selection and application are given
in ACI 309, DIN 4235, and other sources.

The finishing of the exterior surface of the element depends on its purpose and future location in the
building. The finish may be plain or decorative. Plain finishes are routinely applied to precast elements—
floor slabs, interior, and some exterior walls—immediately after casting. Their purpose is to obtain a desired
degree of surface smoothness. The finishing may then include screeding, darbying, floating, and troweling
of the surface applied at different stages of concrete setting and initial hardening.

For a particularly high quality of finish the remaining blemishes may be filled with a cement paste and
rubbed down. The criteria for finish quality are defined in various codes and are reviewed in Chapter 9.

A decorative finish is usually applied to exterior walls. Some types of finish are applied during the
element production process and are described separately.

5.5
Accelerated curing

It was mentioned earlier that, under an ambient temperature of 15–25°C, concrete is expected to attain
about 15–35% of its 28 day strength after 1 day and 60–70% after 7 days. 

The purpose of accelerated curing methods is an early development of sufficient concrete strength for
demolding of a precast concrete element or for cutting of prestressing wires.

Assuming that 4–6 hr are needed for demolding, mold preparation, and casting, the curing period must be
limited to 18–20 hr, to allow for a daily utilization of the mold. An even shorter curing cycle—5–6 hr—is
necessary in permanent plants that work in two or three shifts and must use the molds 2–3 times per diem.
For this purpose, as noted before, a nonprestressed structural element must attain about 50% (10 MPa) of its
design strength, and a prestressed element about 70–80% (30 MPa).

Two main approaches to accelerated curing can be distinguished.
Under the first approach concrete is processed in ambient temperature and its higher strength is attained

by affecting the mix. There are three ways to do this:

1 Using rapid hardening cement. It was explained earlier that use of various types of super or ultrarapid
hardening cements may result in concrete strength, which, after 1 day, attains 50–60% of its final
value. High contents, 400–450 kg/m3, of ultrarapid cements with low water/cement ratios may
produce a demolding strength of 10 MPa after 5–7 hr at normal ambient temperatures. A very strict
control of placing and mechanical processing is necessary in such cases, to prevent adverse effects of
a rapid hydration process.

2 Adding accelerating admixtures, as explained in Section 5.2.

PRODUCTION TECHNOLOGY 111



3 Overdesigning the concrete strength. A higher than required concrete strength after 28 days will also
produce higher strength after 16–20 hours. For example, 30% of 30 MPa concrete strength attainable
after 1 day will suffice for demolding of elements designed originally for a 20 MPa concrete.

The second approach to accelerated curing is heat curing. This is based on utilization of the relationship
between concrete strength and “maturity”. The maturity is, in general terms, a product of the curing
temperature and its application time. This relationship for a given mix can be determined and accordingly
the proper combination of time and temperature can be established for a desired strength.

Heat curing may be applied with:

1 Steam curing of concrete. Steam curing, at present, is probably the most widely applied accelerated
curing method. Under various recommendations the heating is to start 3–5 hr after casting,
subsequently the temperature is to rise at a rate of 10–30°C/hr, then be maintained at a uniform level
of 60–80°C, and finally decreased, again at a rate of 10–30°C/hr. The total cycle time needed may
vary in the range of 12–18 hr, depending on the maximum uniform temperature applied to concrete
and its duration. Steam curing is applied either with steam conveyed by a piping system to each mold
or with molds entered into a special chamber for the curing period. For short mold utilization cycles,
the curing time may be considerably reduced. The preheating period is reduced to 1–2 hr; the
temperature rising and falling gradients are increased to 30–40°C/hr, and even more. Two to three
hours after the temperature rises to a maximum level of 80°C, a concrete with a low water/cement
ratio may attain sufficient demolding strength. The total cycle can thus be reduced to 5–8 hr.

2 Other heating methods are also used, for example, mold heating, raising of ambient temperature in
the casting area (to 30–35°C), or preheating of concrete ingredients—water, aggregates, and cement.
This last method can be applied with the ingredients heated by steam injection during the mixing
cycle to a temperature of 40–50°C, and the mix cast into an insulated mold. Another heating method,
very handy under field conditions, is accomplished with a small portable hot-air blower. Such an
inexpensive device can be used as a temporary assistance in short periods of cold weather in plants
that can usually attain the desired utilization cycle without artificial curing. An infrared heating may also
be applied for accelerated curing. With all those heating methods it is very important that a controlled
cooling period be applied after the heating of the concrete has stopped.

3 Rational utilization of hydration heat. This method can, for example, lower the external heat input for
an element in an insulated mold. For a large number of elements in an insulated area it can produce
sufficient concrete strength, even without additional heating, after 16–20 hours.

Very often a combination of different methods is applied to attain sufficient demolding strength. Thus, for
instance, use of a “regular” rapid hardening Portland cement together with some light heating may produce
satisfactory results. Alternatively, use of an accelerating admixture with some increase in cement may
produce the desired effect.

It has been observed that various accelerated curing methods, if applied carelessly, may adversely affect
the 28 day strength and cause other undesired effects (such as cracks and pores) in the hardened concrete.
This may be avoided or considerably diminished by observing the maximum temperature limits, heating and
cooling gradients, by adequate (but not excessive) supply of moisture, mechanical treatment, and other
requirements based on specifications or careful study and experience. In any case, a final procedure for an
accelerated curing in plant should be adopted only after a thorough study of its short-term and longterm
effects.
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Various accelerated curing methods are reviewed in ACI-517 and other sources. The ultimate choice of
the curing method will depend on the desired mold utilization cycle, the nature of the plant, the ambient
conditions, the type of process control applied, and the cost of equipment and materials associated with the
various alternatives.

5.6
Production of floor slabs

Different types of floor slab components were reviewed in Chapter 2. Their casting is done with the
following devices: table molds, stacks, prestressing beds, and batteries. 

Table molds

Table molds are mostly used for production of room-size slabs and exterior walls, and sometimes also for
interior bearing walls and partitions.

The steel table mold, shown in Fig. 5.1, is made of a supporting structure, a steel plate 6–8 mm thick, and
dismountable sides that provide the necessary profilation along the edges. The sides are attached with bolts
to the plate surface. The weight of an average table mold is 1.5 kN/m2, and its dimensions are 3.50–4.50 m
wide and 5–10 m long. The larger sizes of 7–10 m are used for casting large exterior walls and sometimes
for two wall or floor elements simultaneously.

The sequence of steps for casting a floor slab on a table mold is the following:

1 Cleaning of plate and side frame and application of an appropriate release agent.
2 Fixing of the side frame to the table plate.
3 Placing of reinforcement and fixtures. Reinforcement is positioned on the mold with plastic or steel

spacers, which determine the required concrete cover.
4 Pouring of concrete, its compacting, leveling, and smoothing.
5 Curing of concrete, as required, to attain sufficient strength for demolding.
6 Stripping of side frame.
7 Removing of element to storage.

Table molds are often made of timber, with the plate made of plywood and the sides made of hardwood.
The number of uses of wood plate is 20–50 (the number of uses can be increased if a protective paint is
applied), whereas the steel mold can be used 300–1000 times. The supporting structure in both cases can be
used indefinitely. The decision whether to use steel or timber mold depends on the respective prices of both
materials and on the availability of skilled craftspeople in their preparation.

A special process is applied to produce hollow core nonprestressed slabs. The slabs are produced by
pouring stiff concrete around inserted steel pipes, and their immediate extraction, after the compaction.

Horizontal molds are often used with vibration tables. The table may have a smooth steel surface to
which side frames are attached, or it may consist only of structural parts on which a complete mold is placed
and later removed.
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Stacks

Floor slabs are sometimes produced in stacks, one on top of the other. Although this method saves on
investment in molds, it may introduce distortions and inaccuracies which increase with each additional panel. 

Prestressing beds

Prestressing beds are used for production of hollow core modular slabs, as shown in Fig. 5.2. The length of
a precasting bed is usually 100–200 m, and its width is 0.90, 1.20, or 2.40 m. The prestressing tendons
extend between two anchorage blocks on both sides of the bed. The tendons are made of wire strands and
are wedged to end blocks after prestressing. The bottom of the beds is made of steel plate or concrete.

The production of elements consists of the following steps:

1 Cleaning of bed with a release agent.

Figure 5.1 Table mold: (a) line of molds; (b) attachment of side frame to mold
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2 Placement and pretensioning of tendons to specified strength (70–75% of the ultimate strength of
tendons). The wires are placed by a special machine on the bed [Fig. 5.2(a)] and their tensioning is
done by power jacks, with the exerted force measured both directly and through elongation of the
wires.

3 Pouring of concrete. The required design strength of concrete for prestressed precast elements is 40–
60 MPa. The concreting is done with special equipment, which pours, compacts, and forms the
concrete (with adequate stiffness) while moving. The holes are effected either through extrusion or
through filling, which is later removed. The speed of the machine, shown in Fig. 5.2(b), varies
between 1.00 and 3.00 m/min, depending on the size of the slab poured and the technology used for
this purpose.

4 Curing of concrete (to 60–70% of its design strength) and releasing of tendons. The prestressing force
is then relayed to concrete.

5 Cutting of slab to desired length, using an electrical saw.
6 Demolding and storage of elements. With some methods (e.g., SPANCRETE), prestressed slabs can

be cast one on top of the other, which saves their intermediate handling to storage.

Batteries

In special cases, when it is necessary to provide a smooth surface on both faces of the slab, floor elements
are cast in vertical molds of the type used for interior walls. 

Figure 5.2 Production of prestressed slabs: (a) casting bed; (b) casting of concrete with an extruder
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5.7
Production of interior walls

Interior walls—bearing and nonbearing—are usually cast in vertical molds to ensure a smooth surface on
both sides of the element. A vertical mold also enables demolding of the wall element without introducing
bending stresses in the process. 

Figure 5.3 Battery mold: (a) battery; (b) placement of reinforcement and fixtures; (c) variant with removable leaves. 
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Before casting of the walls, door frames, electrical conduits, connecting bolts, and other inserts are
prepositioned in the mold.

Two main types of vertical molds are used for precasting of interior walls: battery molds and simple
molds.

The battery mold is shown in Fig. 5.3(a), (b). It consists of 6–16 steel leaves 3.00–3.50 m high and 8–10
m long. Concrete leaves are also occasionally used in battery molds. Each interior leaf can act
simultaneously as a mold for two adjacent components. Leaves can be moved away from each other on rails
for more convenient work on their surface (such as reinforcement or door frame placement) and then moved
back before casting.

The production sequence of interior walls consists of the following steps:

1 Cleaning of leaves with release agent.
2 Attaching door frames, electrical conduits and boxes, reinforcement, and stop-ends to leaves. The

reinforcement commonly used for walls is bar mat or wire fabric cut to wall size.
3 Moving the leaves to their final position and attaching them to each other with clamps and bolts.
4 Concrete casting and compacting. The compacting vibrators are frequently attached to the mold.
5 Demolding after sufficient hardening of concrete (usually 10 MPa).

In special types of battery mold, leaves can be prepared “off-line” and then inserted into a battery to save
production time.

Simple vertical molds consist of a fixed leaf stiffened by rails or trusses and a removable leaf fastened to
the fixed part before casting. A possible variant [Fig. 5.3(c)] may have two removable leaves on both sides
of the fixed part. The leaves are removed with a crane, and the casting sequence is the same as for battery molds.

Sometimes vertical walls are cast on horizontal tables or surfaces. This usually happens either for lack of
available vertical molds in the plant (often of sufficient dimensions) or if, for structural reasons, the walls
are to be prestressed. In walls cast in horizontal fashion, special reinforcement must be provided to
withstand bending stresses introduced during handling.

If hollow core slabs are used as interior bearing walls, they are produced in the same way as floor
elements.

5.8
Production of exterior walls

The various functions of exterior walls were enumerated in Chapter 2. Their consequent “sandwich”
composition, as shown in Fig. 2.13 (Chapter 2), typically includes several layers: a structural concrete layer,
an insulation layer, an additional concrete layer, and the exterior finish layer. To enable the execution of
their multilayer structure, exterior walls are usually produced on a horizontal table which can be tilted to an
almost vertical position for a convenient demolding of the panel, as shown in Fig. 5.4. A tilting table has a
similar structure to a horizontal table mold for slab casting, shown in Fig. 5.1. It can be tilted by a crane
(in field plants) or more often by its own hydraulic jack. The table may have attached —for more effective
curing process—a heating and isolating hood. Wood or plastic molds are also occasionally used for the
production of wall components.

The sequence of operations for production of an exterior panel on a tilting table mold is as follows:

1 Cleaning the mold and side frames with release agent.
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2 Positioning window frames, electrical fixtures, anchor bolts, and other inserts and attaching them to
the mold.

3 Pouring (or laying) of the exterior finish layer.
4 Placing of reinforcement and pouring of exterior layer of concrete.
5 Placing of insulation layer—the most frequently used materials for this purpose are polystyrene or

polyurethane boards 20–100 mm thick.
6 Placing of reinforcement and pouring of interior layer of concrete.
7 Compacting, leveling, and smoothing of concrete.
8 Demolding of element after sufficient hardening of concrete.
9 Finishing of exterior layer (as explained later).

Casting of wall elements with the finish layer at the top is also customary for reasons explained later.
The two most sensitive components of an exterior wall are its profilated edges and its exterior finish.

Both must be executed with particular care.

5.9
Exterior finish

One of the most important advantages of prefabrication is its capacity to render an exterior surface of a
building with an almost infinite variety of attractive finishes. The finish is obtained by an appropriate treatment
of an exterior wall panel during its production process. 

The exterior appearance of wall panels is determined by color, texture, and shape.
Color may be obtained through paint, appropriate pigments mixed with concrete, or an exterior layer of

tiles, stones, or aggregates of desired appearance.
Texture is obtained with a liner of desired shape attached to the mold or with various types of mechanical

and chemical treatment applied to the exterior surface with an appropriate mix of concrete.
Shape is obtained by appropriate structuring of the mold, which acts as a negative for the cast element.
More specifically the following finishing methods are applied to the exterior wall elements:

Figure 5.4 Tilting table
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1 Troweling and smoothing of concrete face before demolding, and applying paint of desired color in
the plant or onsite.

2 Obtaining the desired color by adding an appropriate pigment to an exterior layer of concrete mixed
separately with white cement and special aggregates.

3 Exposing of aggregates in the exterior surface of concrete. The visual effect is determined by the
shape and color of the aggregates, especially selected for this purpose, by their size (which may vary
between 6 and 150 mm), and the extent of their exposure—up to one-third or one-half of the
aggregate size. The exposure of aggregates is done by removing the cement paste in the exterior,
decorative layer of the element to a desired depth. The decorative aggregates may be placed as a
bottom layer close to the mold surface, or the top layer of an element. Casting with finish at the
bottom provides a more level surface; the other method allows for better control of the finish during
casting and a possibility of the surface treatment before demolding of an element. The removal of
cement paste can be done by brushing, water wash, sandblasting, or acid etching. If this process is
performed after demolding—on a special stand—a retarder is applied to the exterior layer (or the
mold) to prevent the hardening of cement before its removal. The choice of the exposure method is
directed by the visual effects obtained with each of them and the cost of their application.

4 Palling, chipping, and fracturing (bush-hammering) of the exterior concrete face with hand or power
tools to attain various desired effects.

5 Honing and polishing to attain a smooth exposed aggregate face. This is achieved through progressive
grinding and then polishing of the concrete surface.

6 Tile or stone facing may be attained by placing tiles, stones, or other types of desired facing on the
mold surface, before element casting, or their subsequent attachment to the finished element face.

7 Mold lining with wood, steel, plastic, or rubber to attain a desired texture —lines, ribs, and even
various artistic patterns—for the exterior element face.

8 Mold shaping to attain desired, three-dimensional shape for the exterior face. 
9 Ribbing, brushing, and scraping of wet concrete immediately after casting with mechanical or

manual devices to attain a desired texture.

All these methods are described in Refs. [9, 17, 19] and other sources.
Since the ultimate appearance of exterior finish depends on the composition of materials used and the

process employed by the precaster, it is customary to prepare a sample (a 500 mm×500 mm plate is
sufficient in most cases), which can be presented to the client for approval, before a full-scale production.

5.10
Beams and columns

Linear prestressed elements—beams, columns, Tee beams, double Tee beams— are cast in longitudinal
molds 50–120 m long with dismantible sides. The anchors for prestressing are either separated from the
mold or connected to it. The various stages of the prestressing process are very much the same as for the
hollow core slab production described earlier. The concrete casting, however, is done directly from a simple
crane-driven bucket or a rail-mounted bucket and not with a slipform as was done for slabs. The various
bolts and plates needed to connect the elements to base or to other members are attached to the mold before
casting. A mold for casting of beams is shown on Fig. 5.5.
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5.11
Boxes

There are several methods for producing three-dimensional box elements. Three widely applied methods are
as follows:

1 Casting of side walls, back wall, and upper slab on previously cast floor slab with tunnel forms as
shown in Fig. 5.6(a). The front wall is either made of  prefabricated panel and attached to the concrete
shell, or cast in place after removing the tunnel molds. Thermal insulation may be attached to wire
mesh before the casting of exterior vertical walls.

2 Top slab and side walls are cast on a ground slab, with a bottom up “cap” mold, and later tilted into a
horizontal position [Fig. 5.6(b)]. The fourth side wall is attached, as with the former method. This
method is used for relatively small boxes.

3 Casting of planar room-size panels for walls and bottom and upper slabs in the same manner as
explained for panel systems. The panels are then bolted to each other [Fig. 5.6(c)].

In all cases the finish works—interior and exterior wall finish, doors, windows, floor finish, plumbing,
electrical wire, and roof insulation—are done in the plant after completing the concrete shells.

5.12
Erection process

The precast elements are transferred to the erection site after they have attained sufficient strength—at least
70% of their 28 day strength. They are transferred on special trailers whose dimensions and load capacity
are determined by the traffic regulations, as explained in Chapter 2. The elements are usually transferred in
the same manner as they are erected onsite, that is, floor slabs horizontally, and walls and partitions
vertically. Linear elements—beams and columns—are transported in a horizontal manner. Elements are
erected with the aid of a crane and temporarily supported as shown in Fig. 5.7. The lifting capacity of an
erection crane should suffice to place a 50–70 kN load at a distance of 15–20 m, depending on the

Figure 5.5 A mold for beam casting 
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configuration of the building to be assembled. The elements are usually erected directly from a trailer to
avoid intermediate storage onsite and a consequent double handling. 

The erection for each floor of planar elements follows these stages:

1 Setting out of location lines and elevations for the elements. The lines are marked on the existing
floor slab. The elevations of vertical elements are regulated either with bolts positioned on dowels,
extending from lower-level floor elements, as shown in Fig. 2.11, or with shims placed at designated
support points—for other elements. A minimum space of 20–30 mm for grouting should be ensured
during the elevations’ setting out. The compriband for horizontal weather joints is also placed at this
stage.

Figure 5.6 Production of box units: (a) horizontal tunnel; (b) vertical cup mold; (c) assembling of panels 
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2 Positioning of vertical elements. The elements are lifted with a crane from a trailer or their temporary
storage onsite, positioned at their designated location, and fastened by temporary diagonal supports,
shown in Fig. 5.7.

3 Welding and fastening of structural connections between vertical elements and the existing structure;
reinforcing of joints between vertical elements.

4 Grouting of horizontal joints (between vertical elements and the floor) and pouring or grouting of
vertical joints between elements. The minimum strength of grout should be 20 MPa, and it is made of
a 1:3 mix of sand and cement with a low water content; weather jointing between exterior wall
elements.

5 Positioning of horizontal elements—slabs, Tee beams, and so on. The elements may be positioned
directly on the upper edge of vertical components, or a thin layer of grout.

6 Connecting of horizontal elements to existing structure (if needed); reinforcing and pouring of joints
between horizontal elements.

The erection process of linear precast elements is very similar to the erection of steel beams and columns.
Columns are erected, temporarily supported, and connected to the existing structure. Beams are positioned
on columns and connected to them. Connection details between linear elements were shown in Chapter 2.

Various aspects of the erection process are discussed in Ref. [11].

Figure 5.7 Temporary support of elements at erection 
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5.13
Weather joints

One of the most important prefabrication details is the jointing between exterior wall elements. The
checklist, compiled by ISO (ISO 3447), lists the following possible joints functions:

1 Control of environmental factors—to control the passage of insects, plants, dust, inorganic particles,
heat, sound, light radiation, gases, odors, water, snow, ice, and vapor; to control condensation; to
control the generation of sounds and odors.

2 Capacity to withstand stress due to compression, tension, bending, shear, torsion, vibrations, impact,
abrasion, shrinkage or expansion, creep, and dilation or contraction caused by temperature
variations. 

3 Safety—to control the passage of fire, smoke, gases, radiation and radioactive materials; to control
sudden pressures due to explosion or atmospheric factors; to avoid generation of toxic gases and
fumes; to avoid proliferation of dangerous microorganisms.

4 Accommodation of dimensional deviations due to changes in sizes and positions of components and
inherent deviations of the joints themselves.

5 Fixing of components—to support joined components, resist differential deformations, and permit
1operation of movable components.

6 Appearance—to have acceptable appearance, avoid the promotion of plant growth and discoloration,
avoid internal parts showing, avoid dust collection.

7 Economics—to have reasonable first cost, depreciation, and maintenance/ replacement costs.
8 Durability—to have specified minimum life and resist damage by the action of animals and insects,

plants, water, polluted air, light, radiation, freezing temperatures, vibration, action of chemical agents,
or abrasive action.

9 Maintenance—to permit dismantling and replacement of jointing products.
10 Ambient conditions—to perform required functions over a specified range of temperatures, humidity,

air or liquid pressure differentials, joint clearance variations, driving rain volume; to exclude from the
joint insects, plants, microorganisms, water, ice, snow, polluted air, and solid matter.

Two types of joint are used in practice: (1) the “closed joint”, one- or two-stage, as shown in
Fig. 5.8(a), (b), and (2) the “open joint”, shown in Fig. 5.8(c).

Materials used for sealants in one- and two-stage closed joints are elastomeric thermosetting materials
such as polysulfide and polyurethane. Sealants are applied against preformed backup materials—rubber,
plastic foam—to maintain their desired depth and shape. The remaining space may be filled by preformed
cork, fiberboard, cellular plastics, and other similar materials. The sealing of closed joints is done after the
erection of the whole building. Their main advantage is that they do not require a profilated edge, which
simplifies manufacturing of the exterior wall. On the other hand, the performance of the joint depends
exclusively on the quality of the sealant. In any case, the sealing must be renovated after, at most, 10–15
years.

A two-stage open vertical joint includes a gasket or baffle for waterstop rain barrier, an air seal for
control of wind and odors, and a decompression chamber between them. The decompression chamber
drains off any water that might have penetrated the rain barrier. The baffle or gasket is made of vulcanized
rubber, rigid neoprene, or butyl, and the air seal is made of neoprene or butyl cellular sponge. The nominal
width of the joint is 20–25 mm.
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The horizontal open joint prevents rain and moisture penetration by its geometrical configuration—an
overlap between the lower and the upper elements. A minimum recommended overlap is 60–100 mm,
depending on the expected wind velocity. The air penetration is prevented by an air seal as in the vertical
joint.

The advantage of the open joint is its sole dependence on the geometry of the edge. If it is in a proper
state after the erection, which is verifiable by the quality control, the joint will perform satisfactorily during
the total building life. On the other hand, the performance of the joint is very sensitive to any profilation
defects induced during the production or the erection of an element.

Figure 5.8 Types of weather joints: (a) one-stage, sealed; (b) two-stage, sealed; (c) two-stage, preformed
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Specific instructions for selection of material for joints and for their design are included in Ref. [4] and
various codes (see list of codes and standards in Chapter 9). 

5.14
Summary and conclusions

The production technology of prefabricated components is characterized by materials used, the sequence of
operations, which compose the process, and the equipment employed for this purpose.

The main materials used in the prefabrication of concrete elements are cement, aggregates, various
admixtures to concrete, and reinforcing steel. The main cement types used in prefabrication are ordinary
Portland cement and rapid hardening cement, the latter when early mold stripping strength is needed. White
Portland cement is also used for decorative concrete finishes. The aggregates used for concrete production are
normal weight, with a bulk density of 1100–1750 kg/m3, and lightweight, with a bulk density below 1100
kg/m3. The main types of concrete admixture are retarders, which delay hardening of concrete, accelerators,
which accelerate it, and plasticizers, which improve the work-ability of concrete. Other admixtures induce
air entrainment in concrete. Pigments are also added to concrete when a special decorative color is needed.

The basic requirements of a concrete mix are those necessary to produce sufficient strength, workability,
durability, and weight of the hardened concrete. The required 28 day strength of nonprestressed concrete
components is 20–30 MPa, and for prestressed components it is 40–50 MPa. The workability should be
adapted to the type of elements and their casting method, and the durability should be adapted to the ambient
conditions under which the concrete will be used. With respect to weight, a distinction is made between
normal weight concrete of 2300–2400 kg/m3 density and a lightweight concrete with a density below 1900
kg/m3.

The design of a concrete mix involves determination of the quantities of cement, water, aggregates, and
various admixtures per unit (m3) of produced concrete. They depend on the design requirements from
hardened concrete—its strength, workability, durability, and weight—and the characteristics of the main
materials—cement and aggregates.

The casting of concrete includes its placement, compacting, and finishing. Various methods of vibration
and leveling of concrete must assure its homogeneity and a desired quality of surface.

Accelerated curing methods enable early demolding of elements—after 16–20 hr to allow for a daily use
of molds, or after 5–8 hr to allow for two or three uses per day. These methods include use of accelerators,
rapid hardening cement, and various concrete heating and preheating techniques.

Concrete slabs are cast on tables or prestressing beds, and sometimes in batteries. In field plants, room-
size slabs can also be cast in stacks—one on top of the other. Interior walls are cast in multileaf batteries,
and in field plants they are cast in simple vertical molds. Sandwich wall panels are cast on tilting tables.
Beams and columns are cast in long steel forms with or without prestressing. The production process on the
various molds includes cleaning of the mold, preparation of the mold (placing of reinforcement and other
inserts), casting of concrete, its compacting and curing, and finally demolding after sufficient hardening.
Various mechanical and chemical processes are applied to attain a desired finish of concrete, in particular in
exterior wall elements. 

The erection of elements includes the setting out of their location, their lifting and placement, connection
as required, and filling of the joints between them. Special care must be given to proper design and
execution of joints between exterior wall elements, which must prevent penetration of moisture, air, and
various substances and organisms into the interior.
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Assignments

5.1 Examine and very briefly review the relevant codes and standards in your country, with respect to the
following items as they pertain to prefabrication.

(a) Types of cement and their most important features.
(b) Types of admixtures.
(c) Types of reinforcement.
(d) Strength and composition requirements for precast and prestressed concrete components.
(e) Placement, compaction, curing, and finishing of concrete.

5.2 Suggest a trial concrete mix for the floor slabs in assignments 2.1 and 2.3 of Chapter 2, based on ACI
recommendations, or other recommendations relevant to your country or region.

5.3 Prepare production specifications for floor slabs and exterior walls in assignment 2.1 of Chapter 2.
The specifications should describe the required procedure in terms of materials used and methods for
concrete mixing, mold preparation, casting, compacting, finishing, curing, demolding, and storage of
the elements.
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Chapter 6
Prefabrication Plant

6.1
Introduction

The nature of a prefabrication plant for a particular system of elements depends on the type of elements to
be produced, the desired output capacity, and the conditions particular to a region and a location at which
the plant will operate. The analysis of demand for prefabricated elements and the considerations that determine
its volume of production and site selection are explained in Chapter 11. The planning of a production
system, given these decisions, consists in a selection of methods and equipment to be employed in the plant,
its layout design, and preparation of procedures for its operation and management.

This chapter deals with the organization of a prefabrication plant, the analysis of production activities, the
methods and equipment alternatives available for prefabrication, and the principles of the plant layout
design.

6.2
Types of prefabrication plant

Prefabricated elements and systems may be produced under different organizational arrangements. The plant
may act as an independent industrial venture that supplies elements or groups of elements to various
building enterprises. It may operate as an integral subunit of a building company which uses prefabrication
as its main or only construction method. It may also be established for a particular project at the building
site. The organization of the plant and the production process employed there will depend very much on
these premises. It will also depend on the required output, anticipated stability of demand, availability of
investment funds, local market of materials and labor, weather conditions, and so on. In very broad terms
prefabrication plants can be classified with relation to their typical organization and technological aspects into
the following groups: 

1 Regular or “permanent” plants.
2 Low investment or “field” plants.
3 Prefabrication on the building site.

Not always can prefabrication plants be clearly identified with one or another of the categories enumerated
above. Very often a plant may have some features that qualify it as a permanent plant, and others that typify



it as a field plant. There were also cases when “fabrication onsite,” intended originally for a single project,
developed into a large independent plant.

Permanent plant

A permanent plant is used when the volume and continuity of demand justify high investment in production
resources for labor saving, better quality of product, and more diversified production capacity. A permanent
plant typically operates as an independent venture or as a highly autonomous unit within a large parent
company. The main features of a permanent plant are:

• Production takes place in an enclosed space and is therefore unaffected by weather. Plant may operate two
or three shifts per day.

• Production employs energy-intensive accelerated curing methods (e.g., steam or heat distribution, curing
tunnel). Consequently, molds may be used two or three times per day.

• Concrete and material handling devices are specifically adjusted to plant layout and its mode of
operation. Monorails, conveyors, movable molds, and so on are often employed for this purpose.

• Plant has its own autonomous engineering function which can design components (or adapt existing
design) according to specific requirements of a client.

• Auxiliary production functions—preparation of reinforcement and other fixtures, maintenance,
transformation (even production) of molds—are mostly done in house.

• Since in most cases the plant acts as an independent unit, it has its own accounting, payroll, and
marketing functions.

It is expected that in time an increasing share of production and material handling activities in a permanent
plant will be automated.

Field plant

A field plant is designated to perform the same production operations as a permanent plant but with
minimum investment and maintenance expenses. It uses inexpensive production facilities and is more
adaptable than the permanent plant to changes in volume or nature of demand. The plant operates, in most
cases, within a parent construction company, which uses the precast components for its own projects. Field
plants can be employed in the most efficient manner in regions where ambient weather conditions allow for
year-round outdoor production of elements. Such conditions exist in the Middle East, southern Europe,
southern and western United States, and other regions. Its main features are the following:

• Production takes place outdoors or under a light sun/rain roof shelter; the plant therefore operates in
daylight only in 1 shift, or at most 1.5 shifts (extra 2–3 hr may be needed to ensure a daily utilization of
molds).

• No special accelerated curing system is employed. A daily mold utilization cycle can be attained
without, or with minimum, curing during the summer for non-prestressed elements. In winter, either the
production cycle is longer (2–3 days) or low investment accelerating methods are used—for example,
accelerating admixtures, rapid hardening cements, or small hot air blowers.

• Inexpensive molds and general-purpose construction equipment (e.g., cranes, forklifts) are used for
casting and handling of elements.
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• The plant performs very little auxiliary operations—mostly maintenance and moderate mold adjustments.
The bulk of reinforcement and fixtures preparation, molds production, and mechanical work is ordered
from outside.

• As the plant operates, in most cases, within a framework of a parent contracting company, the company
also does all or most of the design and office work.

The field plants usually have higher direct labor requirements than permanent plants and more difficulty in
maintaining high-quality standards. However, under competent engineering and management, field plants
can produce elements of complicated shapes and excellent quality.

Fabrication on a building site

A fabrication of selected precast elements on the building site may be done if the climate permits it, and if
the size of the project justifies the considerable setup costs associated with precasting.

The site precasting has the following features:

• Production takes place outdoors near erection site.
• Precasting is limited to selected elements, most membrane floor slabs, exterior cladding, lintels, and

parapets. Simple molds are used for casting, which can easily be dismantled and transferred from one site
to another.

• The auxiliary production operations—for example, adjustment and repairs of molds, reinforcement
preparation, materials testing—are provided from outside.

• Casting of elements is done either with ready-mixed concrete or with concrete produced onsite, if it is
also used for other cast in place building elements, such as foundations and the skeleton of the building.

• Demolding of elements and other handling operations are performed with general-purpose cranes, used
also for other activities onsite. 

• Precasting is an integral part of the construction process onsite. It is therefore performed under a general
responsibility of the managerial personnel onsite, which provides directly, or through parent company,
all the necessary technical and administrative support.

Precasting on the building site may seem very attractive economically; it obviates the need for a separate
plant unit and saves transportation cost of elements to the site. These savings can be realized, however, only
if:

1 The climate permits fabrication of elements onsite.
2 The project is large enough to absorb the setup costs of a production system onsite.
3 The personnel onsite have enough managerial and technical know-how to ensure efficient precasting

of satisfactory quality.

Experience shows that onsite precasting should not be used as a sporadic solution for a particular project,
but rather as part of a well-defined method (e.g., in conjunction with tunnel forms) with an established
procedure and specified quality requirements.
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6.3
Organization of a prefabrication plant

A prefabrication plant will usually be organized to include at least three departments with the following
responsibilities:

1 Production of elements and the materials they are made of—concrete, reinforcement, fixtures, and
finishes. It may be also responsible for the delivery of elements to construction sites and for the
maintenance of production equipment.

Production in larger plants will be subdivided into separate production lines for different elements
and for materials and fixtures preparation.

Production should be monitored by a special PPC (Production Planning and Control) unit, the
functions of which are discussed in Chapter 7.

2 Engineering, which is responsible for all technical aspects of production: for design (or coordination
of design) of elements, for maintenance of drawings and standard details, for technical guidance of
production, for cost estimating of new orders (discussed in Chapter 8), for technical assistance to
prospective clients, and for quality control of production (discussed in Chapter 9).

3 Administration/Finances, which is responsible for accounting, cost control, payroll, billing, payments
and cash management (directly or in conjunction with the parent firm), and in smaller plants also for
procuring materials and services.

In larger plants the procurement and the management of stores may be performed by a separate department.
Each of these major groups may be further subdivided into separate units depending on the size of the

plant and the nature of its activities. 
All the activities in a prefabrication plant are instigated and controlled by the flow of information

between the various departments. The flow of managerial information consists of plans, directives,
schedules, budgets, instructions, specifications, etc. which specify the tasks to be performed in various parts
of the plant and report on their execution. The information involves the production schedule, the resources
allocated for production, and the quality of the products. These topics are discussed in Chapters 7, 8, and 9,
respectively.

6.4
Design of plant facilities

For planning purposes it is convenient to divide in-plant facilities into four groups:

1 Direct production facilities, which affect the flow of concrete through the prefabrication plant. In this
respect they include:

• Mixing of concrete (including handling and storage of aggregates and cement).
• Moving of concrete from mixing station to molds.
• Casting of elements in the mold—preparation of molds, placement of reinforcement and fixtures,

placement of concrete, curing, and demolding. These activities can be performed on static molds or
on molds movable between distinctive workstations. Both options will be discussed later in this
chapter.

• Hauling of elements from molds to storage or to finishing stands.
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• Finishing, patching, and repairing of elements.
• Storage of elements and dispatching to sites.

2 Supporting facilities, which include:

• Preparation of reinforcements, fixtures, inserts, and finishes to be contained in the element.
• Maintenance, transformation, and storage of molds and their parts.
• Maintenance of mechanical equipment and systems.
• Materials testing.
• Storage of materials and tools.

3 Offices, which house the different administration, engineering and production control activities.
4 Infrastructure, which includes access roads, parking, fences and gates, utility lines.

The first group of activities is the most dominant and determines selection of equipment and facilities. It is
convenient to view them as a chain of interdependent links, as shown in Fig. 6.1, each one associated with a
separate stage of concrete moving or processing. Every link i has its own output capacity Qi. The output
capacity of the total production system Q measured in some aggregate units (for example, cubic meters of
concrete per day) depends on the capacity Qi of the slowest link, as follows: 

(6.1)
For the most efficient utilization of production resources, the capacity of each link in the chain should be the
same as that of others and equal to the desired capacity of the total system; that is,

(6.2)
Accordingly, the facilities, equipment, labor, and space for each activity should be determined in view of
this desired capacity.

The resources can be determined in such a manner for the plant as a whole, if the types of element
produced in the plant are more or less homogeneous. It can also be determined for each production line

Figure 6.1 Main stages of concrete flow through a prefabrication plant
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(e.g., floor slabs, prestressed beams, walls) separately. If a certain link serves several lines simultaneously,
its capacity should be determined accordingly.

The types of equipment and facilities available for performance of each activity in the main production
chain are examined in the following sections.

6.5
Concrete mixing center

The concrete mixing (or batching) system in a prefabrication plant includes the following components: (1)
aggregate bins that store separately the various aggregates used for concrete production; (2) feeding
mechanism consisting of scrapers, conveyors, hoists, and so on, which transfer aggregates to scales and then
to mixers; (3) cement silo and a conveyor screw that transfer cement from the silo to the cement scales; and
(4) a mixer—horizontal or vertical—where the aggregates, cement, and water are mixed and then
discharged to concrete-carrying vehicles.

The capacity of the concrete mixing system is usually determined by the capacity of the mixer. This in
turn depends on its volume and a required mixing time per batch. As explained in Chapter 5, the effective
volume of the concrete mix per batch is only about 70% of the bulk volume of aggregates and cement. The
most frequently used mixers in a prefabrication plant have a volume of 0.5–1.0 m3, and their mixing time is
1–2 min/batch. Their maximum effective output is 10–30 m3/hr.

The effective output of the mixing center would be, in many cases, considerably smaller if the carrier at
each cycle is not immediately available to accept the mix when ready. For this, and other reasons inherent in
the system, some inefficiency coefficient must be introduced when calculating the desired output capacity
of the mixing center. The coefficient can be reduced if the center uses an intermediate container, which
accepts the mix when ready and discharges it independently to waiting carriers.

The capacity calculation must also take into account the effective number of casting hours per day, which
is presumably much smaller than the total length of the working day or shift. It is assumed that, during these
hours, the center is employed at its full capacity. If it is not, then the capacity must be planned on the basis
of the daily time period with the highest casting load. The required output capacity of the mixing center qc

therefore depends on the required concrete output per day Q, the number of casting hours in plant n, and the
efficiency coefficient k as follows:

(6.3)

Example

The planned output of concrete is Q=100 m3/day over n=5 hr of casting time. The efficiency coefficient is
k=0.65.

The required capacity qc would therefore be calculated from

Two examples of common mixing systems are shown in Fig. 6.2. One has a star-like configuration and an
on-line aggregate storage. The aggregates are fed with a scraper into a batcher and are replenished from an
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exterior supply. In the other the aggregates are hoisted to elevated compartments and from there fed to
batcher and mixer. In some similar systems aggregates are stored in bins on the ground and hoisted with
conveyors directly to the batchers.
An important planning decision involves the quantity of aggregates to be stored off-line as a reserve. The
output of an average precasting plant may be 120–150 m3 of concrete per day, which in turn requires 2000–
2500 kN of aggregates. Such quantities must be supplied on a daily basis, otherwise immense storage space
is needed. However, a 1–2 day reserve is often kept in storage to provide for possible irregularities in
supply.

Special consideration must be given to the storage of aggregates for different types of decorative finish or
for other distinctive purposes, which are sometimes shipped from large distances and need an ample storage
space. 

Figure 6.2 Typical concrete mixing centers: (a) star type (Arbau); (b) tower type (Liebherr)
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6.6
Preparation and storage of other materials

Various subassemblies are frequently prepared in plant before their usage in the production of precast
components. Most prominent in this class are various reinforcement items—bars, mats, and cages—which
must be cut, bent, tied, and assembled before their placement in a mold. Electrical conduits and outlets are also
frequently preassembled in plant. Plumbing elements and door and window frames are sometimes adjusted
and preprocessed in plant before their actual positioning in an element to be cast. A space must be allocated
for their processing activity and also for temporary storage of their components before processing, and for
the finished assemblies afterward. The actual equipment and space allocation are to be based, for all these
intermediate products, on an analysis of the method employed for their processing and their output required
for elements’ production. 

Other different materials, which do not require preprocessing, are also used in precasting. They include
insulation, admixtures, prestressing coils, inserts, fixtures, sealants, waterstops, and various finishes. All those
materials—either preprocessed or directly used—must always be in a ready supply for production.

The storage capacity for each material, supplied for production from an exterior source, is determined
from various considerations, for example, the investment in storage facility, the interest on capital tied up in
stored items, their required maintenance in storage, the cost of shipment, the lead time of supply (minimum
time between ordering and receiving), its reliability, and the consequences of stockout. In an unstable
market, the decision is also affected by the possible fluctuations in price or shortages of supply.

Obviously, in a stable market and with reliable suppliers, one should try to maintain minimum material
stock in order to reduce the investment in storage facilities, their maintenance, and the interest on capital
tied down with the inventory. If the shipment cost is proportional to the amount ordered, it is feasible to
arrange the supply in the smallest and most frequent shipments. If, however, each shipment—large or small
—is associated with some fixed cost, for example, truck rental, one must weigh the extra storage costs
associated with larger shipments and hence smaller shipping cost per unit versus smaller storage costs but
larger fixed shipping cost per unit.

If the considerations are purely economic and the supply is instantaneous and entirely reliable, the
costwise optimal reordering quantity and the consequent necessary storage space may be estimated with a
classic inventory model from these parameters:

cf—The cost of storage facilities-land, bins, partitions, sheds—per unit of material stored (e.g., a ton
of aggregates) per day. This cost includes rent (for land), depreciation, interest (for facilities), and
maintenance.

cs—The cost of storing material per unit per day. This cost includes the interest on capital invested
in the stored materials and their maintenance in storage, if such maintenance is required.

Co—The fixed cost of delivery per shipment. This cost may include the order processing expenses
of the supplier and also the transportation cost, which is independent of the quantity shipped.

Qd—The quantity of material required in plant per production day.
T—Time interval between shipments (days).

The storage-dependent cost per day C is composed of the following:

1 The cost of storage facilities. The facilities must accommodate the maximum amount A of material in
stock (disregarding reserve stock):
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(6.4)
Their cost per day C is therefore

(6.5)
2 The cost of material storing. The minimum amount of material in stock immediately before supply is

zero (disregarding, at the moment, any reserve stock), and the maximum amount (immediately after
the supply) is A, calculated as in Eq. (6.4). The average amount AM of material is therefor A/2,
assuming a uniform usage, and the storage cost per day is

(6.6)

3 The cost of delivery per day. This is the fixed shipment cost Co divided be the number of days T
between shipments:

The total storage-dependent cost per day is therefore

(6.7)

and hence for min C the optimal reordering time cycle [found by setting the derivative of C in Eq. (6.
7) to 0, dC/dT=0] is

(6.8)

and the necessary storage capacity (in units of stored material) is

(6.9)

Example

An exterior wall finish material is consumed at a rate of Qd=10 tons/day (1 ton= 9.81 kN). Its storage costs
are cs=$0.02, and its facility costs cf=$0.01 per day per ton, respectively. The fixed cost per order is Co=$30.

The reordering cycle T is calculated with Eq. (6.8),

and the total storage capacity with Eq. (6.9),

The transportation and order processing costs of many building materials and proportional to their quantity,
providing that the delivery vehicles are full loaded. In such cases, formula (6.8) will call for the most
frequent possible deliverd eries in order to reduce the storage expenses. In reality, therefore, the deliver
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periods will be determined by the minimum volume of the supplier’s shipmen and the usual pattern of his
deliveries. 
The analysis above assumed a reliable supply, that is, a certainty that the shipment of material will be
delivered as ordered. In real life, however, some delays in supply occasionally occur and may have
detrimental effect if the plant does not hold some reserve stock for such contingency.

The reserve stock is necessary to prevent, or decrease, the possibility that an unexpected delay of delivery
by a supplier, or a mistake in ordering, will cause a stockout of the required material, disrupt production,
and delay delivery of products.

The economic loss due to stockout may be assessed through the following:

1 The economic cost of resources (labor and equipment) that should have been employed for processing
of the missing material and are left idle (not employed elsewhere).

2 The penalty for delivery delay (if schedule is affected) due to stockout. Alternatively, to prevent a
delay, extra resources (for example, overtime and extra equipment rental) might have to be engaged
in production.

3 The extra cost of obtaining the material from an alternative source to prevent effect (1) or (2).

The amount of reserve stock and the space necessary for this purpose are determined by considering the
extra costs involved with increasing the reserve stock versus the increased possibility and potential cost of
stockout involved in reducing it.

An optimal reserve stock will result in a minimum total cost per period, which is the sum of the extra
storage cost of the reserve Cr and the expected stockout cost E. The latter is defined as the loss due to a
stockout times the probability of its occurrence.

Let us assume that in a certain period of time, say a month, no more than one supply delay can occur. If
there is no reserve stock, the delay L will result in a stockout cost of Cp(L). The expected stockout cost E(L)
of a delay L is defined as a product of the cost Cp(L) and the probability p(L) that the delay will occur: this
is,

(6.10)
The total expected stockout cost E for any number of days of delay L=1 to Lmax is a sum of expected
stockouts E(L) for L=1, 2,…, Lmax:

(6.11)
The expected stockout cost E, calculated with Eq. (6.11), is a convenient criterion (but not the only criterion)
for an evaluation of a total economic consequence of a possible stockout due to delay in supply.

In case of a supply delay, a reserve inventory Ar allows for satisfaction of the required demand Qd over a
period of time Tr=(Ar/Qd) days. The reserve time Tr will reduce the anticipated stockout times. Whenever
L� Tr, there will be no stockout; whenever L>Tr the stockout time will be L—Tr. Consequently, the increase
in time Tr will reduce the expected stockout cost, calculated with Eqs. (6.10) and (6.11). On the other hand,
an increase in time Tr will increase the carrying cost of the inventory per month Cr, calculated from 

(6.12)
with cf and cs the cost per day of facilities and the cost of inventory financing and upkeep, respectively, as
defined before.

Given the costs and probabilities of the different durations of a stockout, is theoretically possible to attain
an optimal inventory level Ar which will result the minimum sum of the cost Cr calculated from Eq. (6.12),
and of the expected stockout cost E calculated with Eq. (6.11).
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Example

The daily demand for a certain material is Qd=100 tons (1 ton=9.81 kN), and its total inventory carrying cost
per ton per day is cf+cs=$0.03. The cost of a stockoui is $1000 per day. The probability of one delay per month
of duration L is given below The probability of more than one delay is zero.

To find an optimal reserve time length Tr we calculate Cr and E for T=1, 2, 3, 4

It may be seen that an optimal reserve time is Tr=2 days, resulting in a total cost of $220. The
optimal reserve inventory level in this example is therefore Ar=2 100=200 tons.

In practice, both the stockout cost and the probability of its occurrence a very difficult to estimate. The
amount of reserve stock is usually determined such a manner that it will reasonably protect the plant owners
from a stockout based on their past experience with supplies.
An additional reason for maintaining a larger than required inventory materials may be the instability of the
market. Under fluctuating prices an occasional scarcity of supply, the plant management may prefer to
“hoard” materials to protect itself against undesired surprises. The size of an inventory maintained for such
purposes depends very much on the subjective judgment of decision makers.

The planned size of the storage facility for a material—routinely or occasionally used in production—
therefore depends on its consumption rate in production, its pattern of supply, the reliability of supply, and
the general stability of the market. An optimal size, in the economic sense, of an inventory can be
determined only with precise knowledge of parameters that are usually difficult to assess in an objective and
quantitative manner. Still, their orderly enumeration, and even approximate evaluation, may very much aid
in the decision process. An extensive discussion of various models for inventory planning and control is
given in Refs. [2, 3].
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6.7
Hauling of concrete to molds

Concrete may be transferred from the batching center to the molds with the following vehicles:

Wheel-mounted buckets (dumpers or forklifts)

They are best suited for an outdoor production but can also be used (with some-what restricted
maneuverability) indoors. A typical dumper is shown in Fig. 6.3 (a). Its volume is usually between 0.5 and
1.0 m3 (although 3 m3 dumpers are also available), and its average traveling speed is 10–20 km/hr. A
regular dumper cannot pour concrete to a mold elevated higher than 2–2.50 m above the ground, which
limits its efficiency with walls cast in vertical batteries. A bucket mounted on a forklift [Fig. 6.3(b)],
although less agile in operation than a dumper, can easily reach 3–3.50 m heights. It is important that the
bucket volume be adapted to the effective volume of the mixer, otherwise one or the other will not be used
efficiently.

A dumper is relatively inexpensive to acquire, highly maneuverable, and requires very little operating
skill. It is very useful therefore in outdoor field plants. In permanent plants with large production volume it
may be less competitive with automated supply systems, which are better process adapted and require less
space and human involvement.

Truck-mounted mixers

These mixers (of 3–5 m3 volume) are expensive, when used for internal concrete transportation and can be
economically justified if the distance between the casting area and the batching center is very large, or if the
concrete is supplied from an external source. A special type of small mobile mixer (0.5–3.5 m3), with
considerable maneuverability can be more suitable for this purpose. 

Crane-earned bucket

Cranes are essential for elements handling, and therefore their use also for concrete transportation is
justified if they have extra capacity left after performing their primary function. The crane (especially gantry
crane) is slow in motion in comparison with other concrete-carrying devices and therefore is effective for
concrete hauling only if the transportation distance is not excessive. A crane may be used sometimes in
conjunction with wheel-mounted carriers in order to raise the bucket to otherwise inaccessible elevation.
The horizontal transportation—a travel to the concrete mixing center—is then done by the dumper with the
crane remaining at a fixed location. The regular size of a crane-carried bucket is 0.5–1.0 m3. 

Self-propelled rail-mounted buckets

These devices save labor, and are often used in permanent plants (see later) where they act as an integral
component of a comprehensive concrete mixing-handling system.
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Slipform

This is a rail-mounted vehicle, which casts, compacts, and forms the concrete while moving. It is the most
routinely used device for casting of modular prestressed slabs. The slipform is fed with concrete from a
crane-carried or rail-mounted bucket.

The necessary total capacity of concrete-carrying systems may be calculated considering the total
required output in plant (or department) Q, the number of effective casting hours per day n, and a
coefficient of efficiency k (in a similar manner to calculation of mixing center capacity).

Figure 6.3 Wheel-mounted concrete carriers: (a) dumper; (b) forklift
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Example

The required quantity of concrete in a certain department is 30 m3/day over a period of 3 hr. Concrete is
carried by 0.5 m3 dumpers with an average cycle time of 5 min (including filling, traveling, and discharging of
concrete). It is assumed that about 15% of the time a dumper is waiting or is ineffective otherwise.

The minimum numbers of dumpers, for concrete carrying, can be calculated from one dumper’s maximum
capacity, which is qd=0.5 • 60/5=6 m3/hr, the efficiency coefficient k=0.85, the total required output Q=30 m3/
day, and the number of casting hours n=3 per day.

The minimum number of dumpers, N, is

6.8
Production of elements

The heart of a prefabrication plant is its elements production area. The main equipment here is the casting
molds made of steel or timber. A mold usually comprises a supporting structure of beams and struts, a flat
smooth plate of steel or plywood mounted thereon, a wholly or partially dismountable profile-shaping
frame, and other optional mechanical devices for its moving, tilting, vibrating, heating, or prestressing. The
major types of molds used in a prefabrication plant were examined in Chapter 5 and are briefly reviewed
again here.

Table molds are used for fabrication of room-size (10–20 m2) floor slabs and exterior wall elements.
Molds for fabrication of multilayer exterior walls are equipped with a tilting mechanism to enable elements
to be lifted in a vertical fashion. Table mods are sometimes also used for casting of interior walls.
In permanent plants stationary table molds are connected to steam, hot water, or hot air circulation, which is
used for an accelerated curing process.

Long casting beds (100–200 m length) are mostly used for production of prestressed modular (1.20–2.40
m width) floor slab elements. Long concrete beds are used occasionally also for casting of membrane or
regular solid concrete slabs. In such a case the exterior profile is formed by steel stop-ends attached to the
bed surface.

Vertical molds, single of multileaf (battery), are used for the production of interior partitions and
supporting walls. Batteries have a height of 3.00–3.50 m, a length of 5–10 m, and can contain 10–15 leaves.

Two basic types of elements production systems may be employed in a prefabrication plant: 

Stationary molds

With this system, shown in Fig. 6.4(a), all basic production activities, that is, demolding, cleaning and
preparation of a mold, placement of reinforcement and inserts, casting of concrete, curing, and other
processing tasks, are performed in one place. These activities are usually executed by the same team of
workers, although in some plants specialized teams perform different activities. The tools and materials—
steel, concrete mix, finish materials, insulation—are hauled separately to each individual mold location. The
finished (except for some special operations) element is then demolded and transferred to the final, or
intermediate (for inspection and special finishing), storage location.
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It is difficult (although possible) to employ a production system based on stationary molds and to use a
curing chamber or automated production processes which may require sophisticated specialized equipment
at workstations.

Movable molds

The molds, as shown in Fig. 6.4(b), are moved on a rolling line or a conveyor from one workstation to
another, with different activities performed at each of them. The stations are especially adapted to the
particular type of work performed in terms of machines, materials’ supply, and usually served by
specialized work teams. Almost always, a movable molds line is connected to an accelerated curing chamber
where the concrete mix undergoes a controlled heating process.

Typical workstations in a movable molds system include stripping and cleaning of the mold, placement
of frames and fixtures, placement of reinforcements, casting and vibration, curing (in a special curing

Figure 6.4 Production systems: (a) stationary molds served by crane; (b) movable molds on track 
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chamber), and demolding. Inspection and repairs are usually done in the stockyard or in a special off-line
station.

The molds in a line can be transformed from one station to the next by means of a central automatic
system which moves them at specified time intervals. They can also be moved to the next station under a
more flexible arrangement, with manual control, when the work at their previous station is completed.
Naturally, under both arrangements, in order to be effectively used, a mold must spend approximately the
same amount of time at each station. It requires a careful design of work to be done at each station, and of
the teams and tools necessary for that purpose. This can be arranged if the department produces mostly
similar types of elements. Otherwise, some stations and teams serving them will be idly waiting with each
cast element until work at previous stations has ended. A movable line is also very susceptible to mechanical
or technological problems which may happen to any one mold in the line (or to the moving mechanism) and
thus affect the functioning of the whole line. The line can be made more flexible by the various
arrangements shown in Fig. 6.5. Buffer or reserve stations can be left on the line, as shown in Fig. 6.5(b). A
buffer station can be used for introduction of an additional activity which is necessary for production of some
special element. It can also be used for dividing a regular activity between two teams working on separate
stations. Provisions can be made, as shown in Fig. 6.5(c), for withdrawing a malfunctioning mold and
repairing it off-line without affecting the general flow of work. Workstations can be designed, as shown in
Fig. 6.5(d), in such a way that they might accommodate two molds simultaneously (e.g., for casting two
layers of concrete in an exterior wall) or perform two or three different types of operation, depending on the
technology employed (e.g., casting solid and perforated slabs).

The movable system brings the molds to their workstations and therefore requires much less external
equipment—cranes, dumpers, etc.—for casting of  concrete and handling of precast elements, than the
system of stationary molds. As noted above, workstations are better adapted to their tasks and thus more
efficient in terms of labor input and utilization of space. The system is well adapted to accelerated curing in
a chamber with a short, 4–5 hours, curing cycle before demolding, and allows a more intensive use of the
molds (once per shift) and a higher output, if employed in two or three shifts. It is also better suited to
automation and other advanced processes that employ sophisticated stationary equipment at workstations.

On the other hand, the system of movable molds is rigid in the sense that a line is adapted to a particular
type of similar element and that it is ill-suited to variations in production volume. It is also sensitive to
malfunctions. The work at every station is critical to the whole process and if something goes wrong at a station
it affects the whole system. Finally a movable system cannot be used with prestressing.

The system of movable molds is usually preferable under high, steady and homogenous demand. It is
employed by almost all automated plants.

A stationary mold system is less sensitive to diversity and continuity of production. It can handle
different elements and production technologies simultaneously and can be expanded or partially deactivated
according to the volume of demand. It is, however, less efficient in terms of labor input and space
utilization. The stationary molds system is employed in all field plants and in many permanent plants,
especially in southern Europe and the southern and western United States.

The number of molds in a department, for production of a particular type of element, depends on the
desired annual output Q of this type, the output of the mold qm per production day, and the number of days n
the mold is used per year. The mold output depends on the size of the mold and its curing cycle, which
varies between a maximum of three castings per day in permanent plants with movable molds and heating
chambers, and one casting per 1–3 days in field plants without accelerated curing. The number of active
days depends on the general work pattern in plant (holidays, precipitation days in field plants, etc.) and on
the number of days during which the mold is inactive due to transformation work, repairs, and inspection. On
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average, it has been found that a stationary table mold under full plant load and a designated 1 day
production cycle is used 150–200 times per year.

A movable mold can be used with an artificial curing in a curing chamber once every 7–8 hours. In a
plant working three shifts it can be used therefore 400–600 times per year.

Figure 6.5 Different arrangements of movable molds line: (a) continuous workstations; (b) provision for reserve molds;
(c) provision for sidetracking; (d) multipurpose station. 
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6.9
Elements handling

After demolding, the cast elements are transferred to storage. Exterior walls, sanitary panels, or other
special-purpose elements are usually transferred before storage to inspection, patching, or finishing stations.
The elements are hauled with the following types of equipment: 

Rail-mounted gantry (portal) cranes

Such cranes, shown in Fig. 6.6, can cover large storage or outdoor production areas. Their span between
legs may reach 50 m, and they can cover a production area 70–80 m wide. Gantry cranes can handle loads of
50–100 kN, and their traveling speed is 30–40 m/min.

Wheel-mounted gantry cranes

These cranes are shown in Fig. 6.7. Not being confined to rails, they are more flexible than the regular
gantry cranes. However, because of their smaller span, 7–13 m, they require a special access to each mold
or element to be hauled and therefore are less efficient in tight production and storage areas.

Overhead cranes

These cranes, shown in Fig. 6.8, are routinely used in indoor production areas and occasionally outdoors.

Tower cranes

These rail-mounted cranes, shown in Fig. 6.9(a), are only used in outdoor storage or production areas. Their
reach is 30–70 m (i.e., they can cover an area 60–100 m wide), and their lifting capacity is in the range of
800–4000 kN-m Their traveling speed is about 25–30 m/min. Usually a tower crane is more expensive than
a   gantry crane of the same lifting capacity and width of serviced area. Its mode of operation may
sometimes pose safety constraints (to prevent moving loads over working areas or the path of other
equipment) which reduce their utilization potential. The width of their tracks (5–8 m) may also be of
disadvantage. Tower cranes may be preferred for elements handling when their height or slewing capacity has
a particular advantage due to some space or functional constraints in plant.

Mobile cranes

The wheel- or tread-mounted cranes shown in Fig. 6.10(a) (b) are usually much more expensive than tower
cranes of the same capacity. Their main advantage is the capacity to move between locations independent of
rails, and they are mostly employed on erection sites. Under certain circumstances, when their
maneuverability has some special advantage, they are used also in prefabrication plants.

The required number of cranes depends on the handling sequence of each element as required by the
production technology and on their hauling distance. As a basis for such calculation, it may be roughly
assumed that moving an element from a mold (or a stand) to its storage area takes 5–8 min/cycle, and its
loading on a trailer from a storage area takes 3–5 min. As a rule of thumb, it may be assumed that a crane is
needed for any 30–50 m3 of concrete cast per day (i.e., per each fully prefabricated dwelling unit per day). 
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Other types of supporting equipment are also used for elements and materials handling: platforms, with
or without derrick arms, for moving elements (and also reinforcement mats, cages, and other fixtures) from
casting to remote storage areas, forklifts, and small wheel- or tread-mounted cranes for short local transfers.

6.10
Elements stockyard

The finished elements are transferred to a stockyard or storage area, and they remain there until shipment to
the erection sites. The elements are usually stored in the same way as positioned in a building; that is, floor
slabs are stored horizontally and walls and partitions are stored vertically.

The vertical precast elements are usually stored in A-type or comb-type stands shown in Fig. 6.11. The A-
type stands are used mainly as a temporary storage facility under field conditions or as a finishing/patching
station. As a regular storage it has two limitations: (1) good care must be taken not to damage the inner (lower)
elements when crane-positioning on them the outer ones; and (2) the inner elements cannot be removed
without first removing the outer ones. The comb stands do not have these limitations and are used in most
permanent and field plants. The spacing between elements separating bars must be at least 100 mm wider than
the thickness of inserted elements. The vertical elements are supported on wood planks or on a layer of sand
to prevent damage to their bottom edges. Easy access should be provided to each element to allow for its
identification and attachment of a lifting hook. 

The horizontal elements—for example, floor slabs and Tee beams—are stored in piles, one on top of the
other, and are separated by wood planks. The height of a pile may reach 1.50–2.00 m, and in special cases
even more. A space should be left around each pile to allow for easy access of workers to attach the lifting
equipment as needed.

The elements are loaded, in proximity to their storage area, on trailers for their transfer to an erection site.
Their permitted maximum width (2.40–3.60 m), height (4.00–5.00 m), length (15–20 m), and weight (300–
500 kN) are specified in traffic regulations of the various countries. A trailer for transfer of exterior walls is
shown in Fig. 6.12.

Figure 6.6 Rail-mounted gantry crane in a casting area 
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The trailers are usually left over for loading near the storage area in plant and for unloading on the
erection site, so that the pulling trucks will be able to move continuously on the road. The trailers almost
always belong to prefabrication plants, while trucks are sometimes subcontracted.

The storage capacity of a stockyard is derived from the number of days Ts it can absorb the regular plant
(or department) output Q. The time Ts is determined from the following considerations:

1 The minimum time T1 in storage necessary for concrete to develop sufficient strength for
transportation to the site and erection. Usually, in a mild climate it takes about T1=7 days to develop
70% of the final strength, which is sufficient in most cases for this purpose. The time T1 is associated
with a storage capacity of A1=T1Q.

2 An additional buffer storage for possible interruptions of the production in plant. If the production in
plant breaks down for some reason, the buffer storage allows for continuing erection onsite for the
number of days, T2, for which the buffer capacity is designed. Obviously, the higher the additional
capacity (and the stock kept for this purpose), the lower the  probability of interruptions in site
erection in the case of production breakdown, and the expected loss associated with it. On the other
hand, a larger storage capacity involves a higher cost. The approach to assessment of an optimal
buffer storage size is similar to that explained for a reserve inventory in Section 6.5. The optimal number

Figure 6.7 Wheel-mounted gantry crane
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of reserve supply days T2 results in a minimum sum of the carrying cost and of the expected loss of
stockout onsite. The extra storage area necessary for this purpose is A2=T2Q.

3 Similar considerations guide the storage planning with respect to possible delays in elements erection
onsite. Extra storage capacity is necessary to absorb the continuing production in the plant with
reduced shipments to the site, so that plant activity will not be “chocked” and stopped by product
excess. The optimal storage capacity A3=T3Q, that is, allowing for absorption of T3 days of

Figure 6.8 Overhead crane over casting area 

Figure 6.9 Tower crane
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production output, is again calculated by considering the extra storage expense (this time only due to
preparation of extra space) and an expected loss due to idleness of a saturated plant or other

Figure 6.10 Mobile crane (a) on treads; (b) on wheels 
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contingent arrangements in such a case.
4 A flexibility of production planning. The latest allowable date for an element production should still

ensure its timely delivery to the erection site. Often, however, for efficient resource utilization and
sometimes for employment stability, it is necessary to produce elements much earlier than required,
providing that enough storage space is available. These considerations are elaborated in Chapter 7.
Assuming that the average time for the element to be produced before the latest date is T4, the extra
storage area necessary for this purpose will be A4=T4Q. However, no extra space is needed if the area
designated to absorb plant production excess A3 is large enough for this purpose.

It may be deduced from this reasoning that the absolute minimum storage area must suffice to accommodate
production over the minimum curing time T1. An additional stock may be added to allow for some safety
margin in a case of production delays over a time T2, and an extra storage area to allow for accommodation
of elements produced during site erection delays T3 and flexibility in production planning T4. Assuming a
daily output of Q units, in a plant or one of its departments, the storage capacity required for it will be
calculated from

(6.13)
Although the times T1 and T4 can readily be assessed in real-life situations, the times T2 and T3 may depend
on various circumstances which are difficult to foresee over a long period of time. It is this author’s
experience, based on acquaintance with a large number of prefabrication plants, that an average storage time
per element varies between Ts=20 and Ts=30 working days, and in periods of very slow or volatile
construction activity the time can be even longer.

Figure 6.11 Elements storage: (a) “comb”stands; (b) “A” stands; (c) horizontal stacks 
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Prolonged storage of precast elements in-plant is costly for two reasons: the cost of capital invested in the
elements, and the cost of land and facilities required for their storage. Both are directly proportional to
storage time and can amount together to 1–2% of the total production cost per month. It is therefore very
important to reduce the storage time so that it will take as little time as possible in excess of the minimum
required for the elements to acquire sufficient strength. In this respect the Japanese “just in time” (JIT)
approach is the most extreme; any extra storage time above the minimum is entirely eliminated.

6.11
Finishing and repairs

A special area in a prefabrication plant is assigned to finishing and repair activities. Finishing activities involve
mainly exterior walls and include sandblasting, painting, bush-hammering, or acid etching. Patching and
repair work also involve mainly exterior walls. In many plants every exterior wall is transferred to an
intermediate station for inspection of exterior finish and joint grooves.

Finishing and repair work are done on triangular or vertical stands at a designated location close to the
casting and storage areas.

6.12
Plant layout design

Layout design in a prefabrication plant should provide convenient working conditions for each function and
an efficient flow of labor and equipment between the various work areas. In general, the following principles
should be observed in design:

1 Adequate space should be provided for each activity. Space allocation for production activities must
consider the physical dimensions of utilized equipment, allow convenient and efficient performance of

Figure 6.12 Trailer for elements transportation on erection site 
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manual tasks, and leave room for storage of materials and finished components immediately
associated with production. Space for office activities should take into account the number of people
employed, storage requirements for plans and files, and special equipment like drawing boards and
computers. General guidance for space allocation needs in industry and offices can be found in Refs.
[1, 4, 7, 8] and other sources.

2 Adequate space for storage of materials (e.g., aggregates, steel, window and door frames, insulation,
admixtures, fixtures) and equipment (e.g., molds, mechanical tools, vehicles) and easy access to each
item for handling and maintenance.

3 Adequate storage space for prefabricated elements, with easy access of labor and equipment to each
element, and satisfactory loading conditions near every element group.

4 An easy access of labor and equipment to all work areas. An access of labor requires a minimum 1.00
m pathway. That of equipment depends on its characteristics and the type of work performed. A
minimum for vehicles is 2.50 m.

5 Proximity of location between activities with a strong functional relationship. This point is developed
later.

6 Easy (shortest and most convenient) flow of materials in the plant. This flow involves concrete—from
mixer to molds, other materials—from their storage to molds, and cast elements—from molds to
finishing stands and storage.

7 Shortest and most convenient transportation of elements from stockyard to exit gate from plant.
Roads must be carefully planned and allow two directional traffic, with a minimum width of 3.50 m
for each lane.

8 Convenient hauling of materials (mainly aggregates) from the gate to their storage areas or sheds.
9 Maximum safety to workers in equipment operation and materials handling. This means that the

routes of equipment movement—for example, cranes and platforms—should be isolated if possible
from manual workstations.

10 Optimal physical conditions (especially in permanent plants) in terms of lighting, temperature,
acoustics, and structuring of workstations. A required plant performance in these respects is described
in Ref. [9].

11 Good visual control of line management over the work process.
12 Easy access and ample space for inspection and maintenance work of all facilities and equipment in

plant.
13 Flexibility of layout for future extensions in each production department.

As noted before, the layout should allow for a proximity between related functions. Reasons for a desired
proximity may be the following:

• Flow of materials between work areas or between work areas and storage.
• Flow of personnel—workers, supervisory staff, technical staff, visitors.
• Flow of information—orders, control, coordination, paperwork.
• Sharing of equipment at different workstations.
• Maintenance of equipment used at different locations.

In some cases proximity may be undesired, for reasons of safety or dust, odors, and noise.
The value of proximity between related facilities may sometimes be assessed in purely economic terms

through time or resources expended in materials handling between them. However, other features—better
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control, coordination, possibility of tool sharing—which may be even more important in effective layout
design are often quite difficult to quantify. It is therefore quite common to express the value of proximity on
a qualitative scale, for example, such as the one suggested by Muther and Hales [7]: The value of desired
closeness is expressed there by the following preference “grades”.

A Absolutely necessary
E Especially important
I Important
O Ordinary
U Unimportant
X Undesirable

As a basis for a layout design the value of proximity between any two facilities may thus be expressed
through appropriate “grade”. Such grade may be accompanied, for clarity, by an explanatory digit, which
gives the reason for the stated preference; for example,

1 Materials/elements flow, vehicular traffic
2 Labor flow, movement of personnel, or visitors
3 Information flow—control, personal contact, paperwork flow
4 Sharing of equipment, similar technical content, maintenance coordination
5 Physical disturbance, such as dust or noise, safety hazard

A possible closeness preference scheme for main functions in a prefabrication plant with stationary molds
and no curing chamber is shown in Fig. 6.13.

The proximity value between various functions may thus be evaluated and, if needed, even quantified. A
quantitative value may be assessed for some relations between functions in economic terms—the cost per
unit of distance of materials handling, the cost of human time expended for movement between them, and
so on. For others it may be determined by subjective judgment based on a consistent reasoning. For
example, in the evaluation scheme shown in Fig. 6.13, a grade A may receive a value of 100 “cost units”
per 1 m of distance; E a value of 90 such units and so on. Similar value units may be assigned, if needed,  to
a proximity between certain interior functions in plant and some exterior features, for example, road, power
line, and quarry.

Given such interrelation cost values cij per unit of distance between any two functions i and j in the plant
(or outside), it is possible to evaluate any given layout by measuring the distances dij between them and then
calculating the total interrelation cost C from

(6.14)

A layout with a lower cost C will then be preferred to a layout with a higher cost. Various computer
programs, listed in Refs. [3, 5, 6, 9] and in other sources generate, evaluate, and select preferred layouts,
given the space requirements for the various functions and quantitative proximity values between them.
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6.13
General layout patterns

The general layout of a prefabrication plant is largely determined by its division into different element
casting lines and by an allocation of the concrete center (with aggregates storage), the production area, and
element storage to each of them.

A production in a small plant may be conducted in a single line, contained in one shed or a compact
outdoor area, and served by a single handling system. Such a production area may have a mixing center
adjacent to it on one side and a storage area on another side, as shown in Fig. 6.14(a).

In general, these functions are placed in such a manner that the concrete movement to molds and the element
handling to storage will be easiest and fastest.

In larger plants, different elements may be produced in different production lines, for example, one for
slabs, another for exterior walls, and still another for interior walls. Each line will have its own element
handling system—crane or conveyor. It may also have its own concrete center, curing chamber and storage,
or share one or more of these functions with other lines, as shown in Fig. 6.14(b).

A separate concrete center for every line is usually more expensive in terms of investment, operation, and
maintenance. It may be preferred if the production volume justifies it, or if concrete hauling from a common
center requires long transportation routes or a difficult access.

An important factor in the plant layout design is the location of element storage with respect to the
casting area. Several possibilities can be considered in this respect.

Figure 6.13 Closeness preference scheme for main functions in prefabrication plant 
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Storage in direct continuation of casting

This is shown in Fig. 6.14(a). Such an arrangement seems to be most efficient in small field plants where
the same crane, either gantry or overhead, can serve both the casting and the storage areas without an
excessive traveling (and time-consuming) distance. It can also be applied in larger departments, where two
cranes are used—one for casting and demolding and another for storage and loading. 

Figure 6.14 Schematical layout solutions: (a) concrete center, production area, and storage in direct continuation; (b)
common concrete center, curing chamber, and storage area for two departments; (c) storage alongside production area
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Storage alongside casting

This is shown in Fig. 6.14(c). This arrangement can be employed in field plants served by large-span (or
cantilevered) gantry cranes or by tower cranes and it greatly reduces the traveling distance of the crane.

Storage unattached to casting

In this case separate handling systems are employed for the two functions and the elements are transferred
from one to the other with the aid of platform, forklifts, or straddle loaders.

Special layout considerations are needed in the production of box elements with considerable amounts of
finish work. Their production is usually done in three stages:

1 Casting of floor slab (on ground).
2 Casting of concrete shell (often with tunnel molds) or assembling it from planar elements for walls

and upper slab.
3 Various finishing works—partitions, exterior, interior wall finish, floor finish, plumbing, electrical

fixtures, doors and windows, roof insulation.

Finishing works for a box unit are often performed at the same location where the concrete shell was cast or
assembled. Under alternative setup the shells are transferred for finishing to a different location. In some
plants, especially in production of lightweight boxes, the unit is moved on a conveyor between various
workstations with a different task being performed at each station.

Examples of layouts of several prefabrication plants are shown in Figs. 6.15–6.18.
A small field plant is shown in Fig. 6.15. The plant manufactures floor slabs —on tables, walls and

partitions—in batteries, and exterior walls—on tilting tables. Concrete is distributed with dumpers, and
elements are handled with a tower crane.

Prefabrication of precast elements on the building site is shown in Fig. 6.16. The buildings are erected
with cast-in-place bearing walls, prefabricated exterior walls, and membrane floor slabs. The walls are cast
on tilting tables, and the slabs on long concrete beds on which steel frames for casting of individual panels
are positioned. An intermediate storage area is set up between the molds and the buildings.

A typical plant (by Parma Co) for fabrication of prestressed slabs is shown in Fig. 6.17. Slabs are cast on
1.20 m wide prestressing beds. Concrete is cast and formed with a slip form. Curing of concrete takes 8 hr
and then slabs are sawn, loaded on platform by an overhead crane, and moved to storage. 

6.14
Summary and conclusions

The nature of a prefabrication plant depends on the types of element to be produced, the desired output
capacity, and conditions particular to the region in which the plant will operate. In general, three types of
prefabrication plant can be distinguished: permanent plants, characterized by high investment in production
resources which are especially adapted to the employed production technology, field plants, characterized
by an outdoor production and low investment in production resources, and prefabrication on the building
site, which is mostly assisted by the regular site equipment and technical personnel.

The plant planning is based on analysis of its various functions—production, supporting, and auxiliary.
The main production functions are concrete mixing, elements casting, their finishing and storage, and
concrete and elements handling between the areas designated for these activities. The production in
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permanent and field plants is usually divided between production lines. Each line produces a different type
of element and uses its own space, molds, and handling system and often has a separate mixing center and
element stockyard. The equipment used for each one of these functions is determined by the types of
element to be produced, the process employed for this purpose, and the desired output of the plant or each
particular department. The storage capacity of the element stockyard is determined by the required duration
of additional curing, a reserve for work stoppages onsite and in plant, and an additional space to allow
flexibility of production planning.

The supporting functions for the main production process include preparation of reinforcement, electrical
subassemblies, window and door frames to be prepositioned in the mold, mold adaptation, and maintenance
of equipment and service systems. Other functions include engineering, quality control, production
planning, storage management, and various office activities.

Figure 6.15 Field plant (400 dwellings/year)
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The layout of a prefabrication plant is determined by the space required for its various functions and the
desired proximity between them, or between them and the exterior features and facilities.  

Assignments

6.1 Based on a visit to a prefabrication plant in your vicinity:

(a) Describe in detail the various stages of the production process for each type of element produced
there.

(b) Prepare a list of main production facilities—concrete mixing center, molds, and handling
equipment; note their major dimensions and production capacity.

(c) Prepare a schematic layout of the plant.

6.2 Select the equipment and prepare a layout design for a field plant for the production of 500 dwelling
units per year of the type illustrated in assignment 2.1 of Chapter 2. Base the equipment selection, if
possible, on manufacturers’ information.

6.3 Select the equipment and prepare a layout design for a plant for production of 500 dwelling units per
year of the type described in assignment 2.1 of Chapter 2, and 500 buildings of the type described in
assignment 2.3 of Chapter 2. 

Figure 6.16 Prefabrication on the building site
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Figure 6.17 Fabrication of prestressed slabs (PARMA) 
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6.4 Design an onsite prefabrication system for floor slabs and exterior walls for dwelling units described
in assignment 2.1 in Chapter 2 and a production capacity of 20 units per month.
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Figure 6.18 Prefabrication of exterior walls (Gibat) in a permanent plant
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Chapter 7
Production Planning and Control

7.1
Introduction

The purpose of production planning in a prefabrication plant is to ensure timely production of elements with
the most efficient utilization of production resources. Production planning and control involves the
following activities:

1 Scheduling, that is, designating elements to be produced in each planning period and allocation of
resources—molds and handling equipment—to produce them.

2 Transfer of pertinent information to all parties participating in the production process—casting
departments, molds fitters, reinforcement shop, concrete center, and so on.

3 Production monitoring and modification of schedules in view of the actual work progress.

In some cases, the production planning function may also involve modifications in existing production
methods to meet the required delivery schedule and even short-range investment decisions on acquisition of
molds and handling equipment essential for the execution and delivery of a particular order.

The general nature and procedures of production planning and control in any industrial plant are
extensively described in Refs. [1, 3–5] and many other sources. This chapter emphasizes the principles and
procedures particular to the production planning in a prefabrication plant.

The material included in this chapter can be divided into three parts. The first one—Sections 7.2 and 7.3
—deals with the general principles of production planning in the prefabrication plant, and the second part—
Sections 7.4–7.7— with the quantitative applications of these principles. The third part—Section 7.8 —
deals with the information system, which conveys the information about the planned and the actual
production to the various involved parties in the production process. 

The planning and especially the control of production can be considerably assisted by a computer. The
possibilities of computerized planning and control are addressed in Chapters 12, 16.

7.2
Daily production routine

Production in a prefabrication plant involves the different types of activity enumerated in Chapter 6. Usually
the planning focuses on casting of elements, which is perceived as the heart of the production process.
Planning of other production activities, for example, preparation of materials such as concrete and



reinforcement, the adjustment of production tools such as molds and equipment, the finishing of elements,
and their storage, are derived from a “master plan” of casting activities.

The casting process with a mold adapted to a particular (nonprestressed) element type is composed of the
following main activities:

1 Demolding—stripping of the side frame, taking out a previous element, and transferring it to storage.
2 Preparation of the mold—cleaning, oiling of mold surface, fastening of side frames.
3 Placing of reinforcement, electrical conduits, and other embedded components and inserts into the mold.
4 Pouring, compacting, and leveling of concrete.
5 Curing of concrete through an artificial (heating) or natural process.

Most of these activities require a close coordination with other plant functions. Preparation of a mold may
require special adjustments performed by the metalwork crew. Demolding requires coordination with the
storage area. The placing of reinforcement and fixtures requires an orderly supply of these items from their
preparation shops. The placing of concrete depends on its orderly supply from the batching center. The
curing of concrete may require activation of an appropriate heat supply system (or heating chamber).

The production plan in the plant is prepared in view of the desired utilization cycle of molds. In general,
planning should enable one usage cycle per each working shift.

If the plant operates under one shift, the element must be demolded 16–20 hr after its casting. Under an
ambient temperature of 20–25°C, a nonprestressed element can attain sufficient strength for demolding within
this time, using 20–30 MPa concrete without or with little artificial curing. In many geographical areas,
such ambient temperature exists all year round or over large parts of the year. In others, a daily production
cycle may be maintained with accelerating methods described in Chapter 5.

If a two or three shift operation is needed, more intensive accelerating processes are applied, which allow
for demolding 4–6 hr after casting; these methods are also described in Chapter 5.

In some production processes, where a high demolding strength is required (e.g., in prestressed
elements), the production cycle is often extended to 2–3 days. A production cycle longer than 1 day may
also be preferred in small outdoor field plants (see Chapter 6), where it may be more economical to employ
a larger number of molds than to incur high curing costs.

There are two alternatives of work organization for the production of elements. Under one alternative, all
operations on the mold are performed by the same crew. After the preparation of the mold and casting of
concrete are completed, the crew moves to the next mold and starts to work on it from the beginning. Under
the second alternative, the total process is broken into several activities which are performed by different
crews with specialized tools and work methods.

The first alternative, used mostly with stationary molds, is illustrated (for two teams) in Fig. 7.1.
Each team performs all production activities on one mold, and then proceeds to the next. Such a multitask

approach is usually less efficient than the other in terms of labor, tools, and working space utilization. Also,
it may create, under a casting cycle of 1 day, some problems of coordination of element handling in the
morning when all crews start their shift by demolding hardened elements. The coordination of concrete
supply may pose a problem, for the same reason, when all crews progress at approximately the same pace.
The coordination problems may be alleviated by starting production crews at different hours (say at half-
hour intervals) if this does not pose some special organizational difficulty. In reality, the production process
will not be as rigid as portrayed in Fig. 7.1, and the crew would be able to start stripping or cleaning of mold
2, while waiting for concrete for mold 1. In fact, it may even prefer to prepare all three molds for casting
before actually casting them. 
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The advantage of the comprehensive approach is the undivided responsibility of the crew for the total
product. The crew may set its own pace and work method and be held responsible (and remunerated under a
piece rate system) for its output and quality of work. There is no dependence between the different crews,
except in usage of handling and pouring equipment. The process is therefore better adapted to production of
heterogeneous (in terms of shape and size) elements.

The specializtion method, illustrated in Fig. 7.2, requires division of the total work into several tasks,
such as demolding, mold preparation, casting, and so on, each performed by a different crew. Balancing of
work cycles of the various crews ensures full employment of the production labor.

The specialization method is therefore very efficient in terms of crew and equipment usage. There are no
waiting times, since each crew uses its own specialized type of equipment. The system is particularly
efficient with a movable production line, that is, molds moving between workstations with different tasks
performed in each of them, which is described in Chapter 6. In this case, no handling equipment is
necessary, and with proper work organization, full employment of work crews is ensured by the balanced
progress of the moving line. Although this method is well suited to a movable production line, it can be
employed also with static molds and crews moving from one mold to another.

The main limitation of the specialization method is its loss of efficiency in the case of heterogeneous
elements, each having different contents of specialized activities. In such a case it is very difficult to balance
the work of all crews, and some idle time must be expected. Also, since each crew is dependent on the work
performed by the former one, the total system is very sensitive to delays due to malfunctioning of labor or
equipment at any workstation.

The danger of a breakdown of the total system due to malfunctioning of a workstation may be alleviated
by introducing intermediate molds between consecutive crews as shown in Fig. 6.6(b). In case of a work
delay, the crew has one  more work cycle to do before being affected by it. There is also a provision for a
side track (Fig. 6.6(c)) of malfunctioning molds where they can be corrected and returned to the production
line. Introduction of multimold workstations, shown in Fig. 6.6(d), allows simultaneous work by several
crews on special elements (e.g., exterior walls), with a larger work content.

Figure 7.1 Production with all-purpose team method (two teams) 
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The specialization method, as noted earlier, is probably most efficient with respect to labor and equipment
utilization. However, it is more constraining and therefore less motivating with respect to production labor.
It allows less room for initiative and less freedom for remuneration of special effort and/or diligence.

7.3
Principles of production planning

The following principles usually govern production planning in a prefabrication plant:

1 Elements must be delivered to the construction site as required by their erection schedules. This
requirement usually overrides all other considerations, although in some cases construction schedule
onsite may be modified due to special work load constraints in plant. In order to be delivered on a
required date, the elements must be cast an ample time before that. This time includes their actual
production process, finishing operations, necessary hardening in stockyard, transportation to the site,
and a reserve for possible delays.

2 Elements should be produced, whenever possible, with resources available in plant. This means that
investment in new molds, production lines, and handling equipment is justified only if existing
resources cannot physically or economically be adapted to a special requirement, or if there are
simply not enough resources (e.g., molds, handling equipment) to produce the desired output. This
last eventuality must be examined with great care since, as explained in Chapter 6, all main
production resources are designed for a particular output capacity. An additional capacity, say, for
molds only, must therefore be matched by an available additional capacity of concrete mixing,
elements handling, and so on. On the other hand, it is possible to increase the capacity to produce a
certain type of element on account of reduced output of others.

3 The expense of molds adaptation should be minimized (mainly with reference to table and battery
molds). Elements should therefore be assigned to molds that are appropriate for their size and
production method and that entail minimum adaptation work. The major source of the adaptation cost

Figure 7.2 Production with a workstation method (three shifts) 
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is the work, materials, and time expended in adjustment of mold frames to the size and shape of new
elements. These adjustments can be ranked as follows:

(a) Change of end profile, which requires replacement of one frame element with another, available
from elsewhere. The element can be fixed to the mold without any additonal fitting work. 

(b) Change of size of an element or of a shape of an end profile, which requires movement of one or
more of the frame elements. Such movement may require drilling new holes for fixing bolts and
closing old ones.

(c) Addition and replacement of window/door frames and other fixtures, mainly with existing elements.
This usually requires more extensive cutting, fitting, and welding work.

(d) Production of new frame elements, or transformation of existing frame elements into new forms. This
may involve a considerable amount of fitting work.

An additional source of adaptation cost is the learning process of the production crew associated with a new
pattern of reinforcement and insert locations. The cost may be explicit—that is, extra time needed for
acquaintance with the new design—or hidden—that is, mistakes and defects associated with a change in the
design or specifications.

The adjustment costs may largely be reduced if an effort is made to provide continuity of production of
identical or at least similar elements on any mold.

4 Storage costs associated with production should be minimized. The storage costs involved with
production were discussed in Chapter 6, in the context of the general plant planning. In a given
stockyard the planning-dependent storage costs include the interest on capital invested in the elements
stock and its handling and maintenance expenses. These costs are directly related to the quantity of
elements in stock, which should therefore be minimized, subject to the existing technological and
organization constraints.

5 Fluctuations in the employment of plant workers should be kept to a minimum. Such fluctuations may
be caused by irregularity of demand and result in additional overtime, downtime, hiring, and layoff
expenses. Effects of temporary slack in demand on employment can be modified by early production
of elements for future use.

6 Planning should reflect consideration of the most efficient work organization in plant, that is, various
adaptations or work teams and resources to processes and products most advantageous to a particular
plant or situation.

Obviously, application of some of these principles may conflict with others. For example, production of
long series of similar elements will save adaptation costs but may increase storage costs. An early
production of elements for future use, in case of a slack in demand, will result in excessive inventory and
increased storage costs. It is the task of planners to resolve such conflicts either by a quantitative evaluation
of various alternatives or by their subjective judgment.

An implementation of these principles and evaluation of their economic consequences will now be
demonstrated in various cases of production planning, which are extensively discussed in Ref. [6]. 
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7.4
Planning of production on a single mold

An application of some of the principles of production planning, which were presented earlier, is illustrated
in the context of a mold used for casting of one type of element.

Such a planning problem arises when a series of elements has been assigned to a particular mold, and it is
necessary to determine the timing of its production. We define here a series as a group of identical or
similar element units which can be produced on a single mold without or with minimum adjustment
between successive cycles of production. Such an arbitrary assignment of an element to a mold is done
when the mold is especially adapted to a particular type of element, or when it is, at the time, the only one
available for their production, or when line management, for whatever reason, decides that the mold is
better suited for this purpose than other molds. If the number of element units is not large, they will
probably be produced as close to their delivery time as possible, in order not to incur unnecessary storage
expenses. In many cases the demand for a particular type of element is continuous over a long period of
time. If the production capacity of the mold exceeds the rate of demand, the elements will probably be
produced in batches. The intervals between production of consecutive batches could be used for production
of other elements, or the mold in those intervals may be left idle. The larger the batch sizes, the larger also are
the intervals between their production and it will be more convenient to use the mold during these intervals
for production of other types of element. On the other hand, the increase in a batch size leads to a larger
stock of elements in storage, and thus larger storage expenses.

An analysis of adaptation and storage costs gives us a basis for a decision on whether the series should be
produced in one batch or in several batches, and what the size of these batches should be.

We therefore distinguish between two cases of production planning: short series, which are produced in
single batch, and long series, which are produced in several or many batches.

Short series

A short series of element units will be assigned to a particular mold within the general process of production
planning. They will be produced continuously at a maximum rate permitted by the production technology
and by the plant organization. The time of such continuous production will therefore be determined by the
time (date) of production of the first unit and the production rate of consequent units in the series. It will
obviously be affected by the minimum time period required between the beginning of production and the
delivery to site of each unit. This time period L is necessary for the following functions; casting, finishing,
patching when necessary, curing and development of sufficient strength for transportation and erection
onsite, transportation to the erection site, and a reserve to enable continuous delivery of elements in case of
occasional slippages in production schedule. 

The information necessary for a rational determination of the production timing includes the following
parameters:

N – Total number of element units to be produced in the series.
B – Required rate of delivery of element units to the erection sites per time period (day, week,

etc.).
H – Output capacity of the mold per period with respect to the particular element to be produced.

The capacity will depend on the physical configuration of the mold and its utilization cycle as
determined by the production process employed.

tp, t′p – The required production date for the first and last element units in the series, respectively.
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td, t′d – The required delivery date for the first and last element units in the series, respectively.
L – The minimum lead time between the beginning of production and the delivery of an element,

as explained earlier.

Let us denote the following values:

M – The inventory of an element accumulated in the plant.
TH – Total time of delivery for the whole series.
TB – Total time of production for the whole series.
TE – Time between the production and the delivery of the first unit.
TL – Time between the production and the delivery of the last unit.

It is clear that in the case of continuous production of one batch, it will be useful to start production as close
as possible to its delivery date and thus to reduce the storage costs. This must be done, however, in due
consideration of the basic constraint of the planning process, which stipulates that every unit in the series
must be cast at least L time before its delivery date. If it will be kept for the first and the last units, that is, TE

� L and TL � L, it will also be true for every element in the continuous series.
If the production capacity of the mold equals or exceeds the demand rate (H �  B), the condition TE=L

should be satisfied for the first element, and then it will also be satisfied for the last element (TL >L) as is
evident from Fig. 7.3:

(7.1)

Figure 7.3 also shows the inventory of elements M accumulating due to the difference between the
production and demand rates over the production period TH.

Let us now examine the case when the required rate of delivery exceeds the production capacity of the
mold (B>H). In this case, the beginning of production will be determined by the delivery date of the last
element in the series. As shown in Fig. 7.4, the production then must start TE days before the beginning of
the delivery, with 

(7.2)

It may be seen that in this case TE >L. Naturally, it is possible to assign the production of a series to a mold
with smaller capacity than the required delivery rate only if the time remaining before the delivery date of
the first element is longer than TE calculated from Eq. (7.2). 

Example

N=60 elements are ordered at a rate of B=30 elements/month. Production capacity of the mold is H=20
elements/month and the required lead time is L=0.5 month. The production must therefore start, according to
Eq. (7.2),

before the scheduled beginning of delivery.
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Long Series

It can be seen in Fig. 7.3 that if H>B, then the time TL between production and delivery of the last unit is
larger by an amount  than the minimum required L. This in turn will increase the
accumulated inventory of the finished units by an amount TIB above the required minimum LB. In the case
of long series, the resulting additional storage costs may be quite significant. Consequently, storage costs
may be reduced in production of long series by dividing the total number N into batches of N′ units and
coordinating the production of these batches with the required delivery rate, as shown in Fig. 7.5.

The size of batch N′ (and its time of consumption)  will be determined by considering the
setup cost for production of each batch and the storage costs of the inventory M above the required
minimum Mmin, as shown in  Fig. 7.5. It can be seen from this figure that increasing the size of batches N′
will reduce the number of production cycles, and consequently also their setup costs. However, it will

Figure 7.3 Production of short series (B� H)

Figure. 7.4 Production of short series (B� H)
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increase the maximum accumulated inventory M with its associated carrying cost; vice versa, reducing the size
of batches will increase setup costs and decrease inventory costs. In order to find the optimum size of N′, the
following parameters must also be considered:

A=The setup cost before production of each new batch N′. At the minimum, this cost will result from
the loss of the “learning effect,” which increases the direct labor productivity with many repetitions of
the same activity. If, during the idle period between batches, the mold were used for production of
different elements, the setup cost also includes the expense of its transformation from one type of
element to another and the learning effort of a new design pattern, as explained earlier.

S=The storage cost per unit of element per time unit. This cost is composed of interest on
investment tied up in the inventory and the direct expenses associated with its upkeep.

The size of the production batch N′, and the cycle time T will be calculated as follows†.
We assume herewith that, after initial buildup to Mmin, the batches are equal and are produced in

production periods T′H during equal time cycles T, as shown in Fig. 7.5.
In order to preserve the necessary lead time L, as explained before, the inventory at the beginning of

delivery must be LH, and at the end of the last production period LB. (It was assumed, however, for
computational convenience, as shown in Fig. 7.5, that an inventory M=LB is accumulated at the end of the
last modular cycle T, rather than at the end of the production. The influence of this modification on the
optimal solution is, in most cases, insignificant.) In order to arrive at the total cycle-dependent cost, let us
first calculate the maximum inventory  accumulated above the minimum required quantity Mmin. The
inventory  may be calculated either as an accumulated quantity over the production period T′H per cycle
[Eq. (7.3a)] or as its consumption over the remaining period T—T′H considering also the proportional
reduction of the inventory over the cycle T:

Figure 7.5 Production of long series in batches 
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(7.3a)

(7.3b)

The production time per cycle T′H may then be calculated from Eqs. (7.3a) and (7.3b) 

(7.4)

and the inventory 

(7.5)

Finally, the batch size N′ would then be
(7.6)

Using these parameters, we can calculate the total cycle-dependent cost C(T) from

(7.7)

where n is the number of production cycles T as shown in Fig. 7.5. The minimum cost cycle is then obtained
from

(7.8)

and the batch size N′ with Eqs. (7.4) and (7.6)

(7.9)

With large series that satisfy a continuous demand,  and Eqs. (7.8) and (7.9) will have
the following form:

(7.10)

(7.11)

The decision-dependent cost per time unit is thus from 7.7: 

† Readers who are not interested in the calculation details may proceed directly to Eq. (7.8). 
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(7.12)

The continuous series model in Eqs. (7.10)–(7.12) is very similar in structure to the classic inventory
models presented in Refs. [2, 3] and various other sources.

Example

Assume N=200 elements are to be delivered over a period of 5 months (i.e., B=40 elements/month) and the
required lead time is L=0.5 months. The capacity of the mold used for this purpose is H=60 elements/month.
The setup cost per batch is A= $40 and the storage cost per element per month is S=$2.8. What is the size of an
optimal batch and its production cycle time?

Using Eq. (7.8), we have

and from Eq. (7.9),

If we repeat the former example, considering, however, a continuous supply at the same rate of
B=40 elements/month, the cycle T and the batches N′ will be calculated from Eq. (7.10) and (7.11),
respectively:

and

It is evident from this example that when the lead time is small with respect to the total delivery
time, the production may be considered as continuous and the cycle time calculated accordingly.

The production time T′H in the same example, for each batch N′, may be calculated from Eq. (7.5):

that is, the mold is unused for 0.5 month in each production cycle of T=1.5 months. A more
efficient utilization of the mold, in this respect, is discussed next. 
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7.5
Production of several types of elements on the same mold

It was seen before that the mold may be fully utilized under continuous production of a single type of
element only if the rate of demand for these elements equals the production capacity of the mold, that is,
B=H. Whenever the capacity of the mold considerably exceeds the demand for a single type of element, its
efficiency will be increased only through simultaneous utilization for production of one or more other
elements. In many cases the intervals in production of the main element will be used for occasional small
orders of other elements. The most rational utilization of the mold will occur, however, if it is used for
concurrent production of several elements with continuous demand. This is made possible by a selection of
different elements to be produced on the same mold, in such a manner that the capacity of the mold to
produce them (considering the adjustment time needed between them) in any period will exceed their
demand for the same period. It may be attained by a selection of a common production cycle T, common to
all elements, as shown in Fig. 7.6.

Let us now define again the characteristic production parameters with respect to each element j (j=1, 2,…,
n) produced on the same mold:

Hj – Production capacity of the mold for element j.
Bj – Rate of demand for element j.
Aj – Setup cost for production of element j.
Sj – Cost of storage per month for element j.

– Setup time for production of element j.
– Production time per cycle for element j.

TB=T – Common production module for all elements produced on the mold.

The mold must have a sufficient capacity for simultaneous production of all elements assigned to it, and the
common cycle must be long enough to accommodate their production and adjustment times; that is,

(7.13)
which with

(7.14)

may be expressed as

Figure 7.6 Production of several elements on the same mold (inventory accumulation scheme) 
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(7.15)

Having B, H, and TA values for all elements to be produced on the mold, it is possible, with the aid of Eq. (7.
15), to find the minimum production cycle T which satisfies the condition (7.13).

The decision-dependent cost C’j(T) per time unit for each element j may be calculated as in Eq. (7.12):

(7.16)

and the total cost C′(T) for all elements per time unit is given by

(7.17)

The minimal cost cycle will then be derived from

and

(7.18)

and the resulting batch size for each element is
(7.19)

In some cases a better solution may be obtained if some elements with low demand are produced at a lower
frequency than the others, for example, at every second or third cycle T. An analysis of such cases is
presented in [6].

In many real-life situations, a prefabrication plant will produce, at the same time, different types of
element with a continuous demand and each of these elements may be produced on different molds. The
problem consists first in assigning elements to the various molds, and then in finding the optimal production
cycle for each mold. 

The criterion for optimal solution will again be the total decision-dependent cost, which includes setup
and storage expenses. It may also include, when required, the initial preparation cost A° of a mold for
production of a specific element or all the elements assigned to it.

The total number of possible combinations of assigning p elements to r molds (assuming that each mold
is sufficient to meet the continuous demand for at least one element of each type) is

(7.20)
If the number �  is not large, all solutions can be enumerated and the optimal solution selected. If the
number of combinations is very large, more selective enumeration methods (like branch and bound) must be
used. Such methods can, by application of specific criteria, eliminate whole groups of combinations that are
not feasible or are unpromising, and thereby greatly reduce the number of those remaining to be evaluated.
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Very good assignments may also be obtained by application of some rational decision rules, such as the
following:

• Assignment of elements to molds that are best suited for them, that is, entail the least preparation cost A°
for their production and the least recurrent setup cost A.

• Assignment of elements to groups that will entail the lowest recurrent setup costs if produced on the
same mold.

• Assignment to the same mold of elements with closest values of their optimal production cycles .

7.6
The general production planning problem

A system approach to production planning

In the previous sections two cases of production planning were examined. One of them involved a mold that
was used mainly for production of a single type of element—either in small or in large continuous series.
The second case involved a mold that was used simultaneously for continuous production of several types
of element. In a prefabrication plant or in its departments, there are, however, many molds or mold systems
and the various element types have to be assigned to those molds as a part of their production planning
process.

If the plant (or its department) engages mainly in production of standard types of element the assignment
process is quite straightforward. Molds will often be adapted a priori to the shapes of particular elements.
Alternatively, the elements will be assigned to molds that are technologically suited for their production and
where their production can be most efficient in terms of capacity used and resources expended. When the
mold capacity is such that it can accommodate simultaneously several types of element, they will be
matched in such way that their adjustment costs and times between one type and the other will be minimal,
and that their production cycles can be synchronized in the most effective way, as explained in Section 7.5. 

The planning problem is more difficult, however, if the plant engages in production of small orders of
various elements, which can be assigned to different static molds, in particular table molds for floor slabs
and exterior walls.

It is useful in such cases to examine the pertinent information about the orders to be produced, and the
production system, and then search for the proper planning solution in an orderly and consistent manner. The
system under consideration is the element production (casting) setup in plant, or in one of its departments—
if its production planning is done independently of others. By using the system analysis terminology, the
information will be defined in terms of system attributes (or parameters) and the demand or incoming
orders attributes. The planning solution will be defined in terms of its decision variables—the assignments
of elements to molds and the timing of their production, which must be determined. Obviously, there are
many solutions which can be offered to each planning problem. However, only those solutions will be
considered feasible which will satisfy the constraints imposed on the plant by the production technology,
availability of production resources, and market requirements. The effectiveness of various feasible
(satisfying the constraints) planning solutions will be assessed through the extent to which they fulfil the
planning objectives, described in Section 7.3—namely, to deliver orders at maximum efficiency and
organizational convenience.

The orders to be produced are defined in terms of these attributes:

PRODUCTION PLANNING AND CONTROL 173



1 The types of elements to be produced
2 The size, shape, composition, and special features of each element
3 The delivery date of each element

The production system (in the plant or its department) involves production labor, the various molds,
handling and other equipment, and the production technology employed.

The pertinent attributes or parameters of the production system are the following:

1 The types of element that can be produced by the system.
2 The molds or molds systems (e.g., a battery or a line of movable molds) in plant.
3 Production capacity of each mold with respect to different types of element.
4 Labor requirement of each mold for different types of element.
5 Direct production cost (labor, energy, materials) of each mold for different types of element.
6 Adaptation cost and time for each mold to be adapted to the various types of element. This may

depend, in most cases, on the types of element which were produced there beforehand.
7 Storage cost per day for each type of element.
8 Set of special fixtures (e.g., mold sides, window frames) which must be attached to the mold for

production of the different elements.
9 Minimum lead time between casting of an element and its delivery to the construction site. 

10 An extra cost of labor employment fluctuation (i.e. layoffs or hirings) for different fluctuation levels.

As noted before a planning solution will consist of assignment of each element, (or a series of elements), to
a particular mold and of timing of its production. The feasible solutions to the planning problem must
satisfy the constraints imposed on the system by its own resources and by the outside world. These
constraints are usually as follows:

1 All elements must be cast at least L days (L is the production lead time as defined in Section 7.4) before
their required delivery.

2 Amounts of available fixed resources in plant—for example, molds and handling equipment—cannot
be exceeded.

3 Amounts of available attachable fixtures—for example, side frames and window frames—in plant
cannot be exceeded.

4 Production capacity of a mold (in terms of the number of given elements per day) cannot be exceeded.
5 A new element cannot be cast in a mold without the necessary adaptation work.

Constraints 1–4 can be relaxed in especially urgent cases at additional production cost. For example, the
lead time L may be shortened by applying accelerated curing to the cast elements; the output of fixed
resources can be increased by applying overtime (if the plant is not already operating in two or three shifts);
the amount of molds, fixtures, or other equipment types can be increased by renting or acquiring additional
pieces.

An optimal solution is selected from feasible solutions by evaluating the extent to which each of them
attains the objectives of the system, which are to produce the elements at minimum decision-dependent cost
and at maximum organizational convenience.

A strictly objective evaluation of the alternative solutions to the production planning problem is possible
only when all the system parameters can be assessed in quantitative terms. As this is often difficult in
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practice, a truly optimal solution cannot be ascertained. It is possible however to employ a consistent
procedure which by orderly utilization of available information can ensure a reasonably efficient solution
within the system constraints. Such a procedure will be discussed in Section 7.7.

However, if all parameters and criteria (objectives) of the system can be assessed in quantitative terms, the
search for an optimal solution may be facilitated by a mathematical model representation. The model
describes the constraints and the objective function (a function that evaluates the various solutions in terms
of the system’s objectives) by means of mathematical relations between decision variables and system
parameters. The model is then solved for an optimal value of decision variables by means of an appropriate
mathematical algorithm or other search technique. 

A Mathematical Model Example*

An example of a mathematical model representation of a production planning system, from Ref. [6], is
given below. The model is based on the following assumptions:

1 The objective of planning is to minimize the planning-dependent production cost (without regard to
managerial convenience). The objective function is therefore the sum of all costs pertinent to any
planning solution.

2 Direct production costs of each element are the same regardless of the mold on which it is produced.
Therefore, the direct cost component in the objective function does not have to be considered.

3 Every mold requires adaptation of one period between any two different elements. The cost of an
adaptation depends on the type of new element to be produced and the mold to be adapted but does
not depend on the element that was produced there previously.

4 On any mold only elements of the same type can be produced sequentially with no setup time or cost.
5 There is no shortage of side frame elements or other inserts which may affect the production planning.

These assumptions apply in general terms to a system of static table molds in a field plant as described in
Section 7.2.

The parameters of the system may be defined as follows:

i=1,…, m – Types of elements to be produced.
t=1,…, v – Molds to be used in production.
j=1,…, n – Scheduling periods.

Bij – Number of elements i to be delivered in period j.
Ait – Preparation cost of mold t for element i.
Zij – Number of elements i in inventory in period j.
Si – Cost of storage of element i per period.
L – Minimum lead time between production and delivery.
gi – Labor requirement per unit of element i.
Hit – Production capacity of mold t with regard to element i, per period.
R(Dj) – Cost of change Dj in labor requirement between periods j—1 and j.

The decision parameters are defined as follows:

Xijt – Number of elements i produced in period j on mold t.
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Yijt – A bivalent variable that equals 1 if mold t has to be prepared in period j for element i, and otherwise
equals 0.

The objective function, which assesses the total decision-dependent cost C, may be then expressed as follows:

(7.21)

This total cost includes the setup, storage, and labor fluctuation components and is to be minimized under
the following constraints:

(7.22)

with Zio the initial inventory at the beginning of the first period. This constraint determines the relation between
the production, shipping, and inventory stock.

(7.23)

that is, there must always be enough elements in stock to provide a minimum lead time L between
production and shipping of any order.

(7.24)
that is, the capacity of any mold must be sufficient for its planned output.

(7.25)

determines the fluctuation in labor input in consecutive periods.

(7.26)

that is, there is no production in the period of altering a mold to produce another type of element (this
constraint may not be applied if the mold transformation does not preclude production in the same period).

(7.27)
with j* indicating the most recent period at which the mold was last adjusted. The constraint states that if at
that time the mold was not prepared for the particular element i, then this element cannot be produced on
this mold.

(7.28)
which is a formal definition of variables X, Y.

The model must be solved for planning horizon j=1,…, n, each time the basic parameters (prices, delivery
dates, and composition of orders) change. It may be solved with methods of mathematical programming by
selective enumeration of the various solutions (branch and bound). The enumeration will exclude solutions
that are not feasible, like those that do not conform to constraints (7.23)-(7.27). Lower bounds for groups of
solutions may be determined by relaxing the constraints (7.34) on variables Y and application of linear

* This section may be omitted by readers less interested in the theoretical aspects of production planning. 
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programming. Branches with lower bounds exceeding costs of feasible solutions, which were already
evaluated, will be excluded from further analysis. Other bounding methods may be developed for particular
types of problem.

The planning process may be simplified if the elements to be produced are classified into main type
groups. The similarity between element types in the same group will consist of the following features:

• All elements in the same group can be produced on the same mold at a similar production rate.
• The mold adjustment cost between elements in the same group will be very low when compared with the

cost of adjustment between elements from different groups.
• The adjustment cost of any mold between elements of two different groups will be approximately the

same for any two members from those groups.
• The storage cost of all elements in the same group will be approximately the same.
• The labor requirement for production of any element in the same group will be approximately the same.

A mere classification of the elements from an incoming order into one of the existing groups will thus
determine, for each element, most of the planning parameters—that is, its adjustment cost, rate of
production on various molds, storage costs, and labor requirement. Each series of similar elements in an
order would be characterized only by its group code, the required beginning of its delivery to site, and the
required rate of delivery. If an element cannot be classified into one of the existing type groups, it will
initiate a new group with its own characteristics.

If a plant produces a “closed” or an “open-closed” system of catalogue elements, it is possible to classify
them a priori into similarity groups, as suggested above.

7.7
Production planning routine

The formal system analysis approach, explained in Section 7.6, is very helpful in the identification of the
various parameters of production planning and evaluation of their effect on the total production cost. If it
were possible to establish the value of all pertinent system parameters with a reasonable degree of certainty,
system analysis could have been used to produce optimal solutions in every case of production planning. In
reality, as mentioned earlier, many of these parameters cannot be assessed, or at least the effort needed to
assess them in real time, in each particular case, is seldom justified by the potential savings. 

It is necessary instead to develop working procedures that produce feasible and “good” (but not
necessarily optimal) solutions to the planning problem and can readily be employed in manual or
computerized fashion. These procedures use several simple rules, which follow the main planning
principles explored in previous sections. Here are some examples of such rules:

1 In general, production of orders should be as close as possible to their delivery dates to prevent
carrying of excessive stock. The minimum lead time L (between the planned production and the
required delivery), as defined earlier, should always be ensured in production of every element.

2 “Critical” orders with barely remaining lead time L between their production and delivery should
always be identified and their production immediately started.

3 Continuity of production of elements of the same type on a mold should be maintained whenever
possible. Series, once started on a mold, should therefore be completed unless they are excessively
large, or the mold is absolutely needed for production of a “critical” order.
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4 Elements with a continuous demand should be assigned to special molds, which will be used solely or
mostly for their production and designed accordingly.

5 Elements should be assigned to molds with a minimum adjustment cost.
6 A minimum required output level should be ensured whenever possible. This level must provide

employment for all workers permanently employed in the plant.

A routine and automated production planning procedure, illustrated in Fig. 7.7, has been based on these rules.
A decision would be required in application of the routine in two cases:

1 When there are free molds, waiting noncritical orders, and the minimum employment level is not yet
attained. The priority is given in this case to preferred orders, that is, orders that satisfy
simultaneously the two requirements (earliest delivery and least adjustment cost). If there are no
preferred orders that satisfy both requirements simultaneously, the decision will depend on specific
conditions in the plant. In an automated planning routine, it will be delegated to a manual operator,
although predetermined rules (such as prefer early delivery dates if the difference in adjustment cost
does not exceed arbitrary value) can be built into the program also for such cases.

2 When there are critical orders waiting to be executed and no free molds. Production on some molds must
then be stopped, preferably on those molds which carry orders with most distant delivery date and
which entail the least adjustment cost to a critical order. If the two priorities do not agree, the conflict
is resolved again by an operator or a predetermined decision rule or rules. An operator’s intervention
is obviously needed if all molds in plant do not suffice for all the critical orders. 

The production planning routine illustrated in Fig. 7.7 can easily be extended to the case when there is a
limited number of side frames and other inserts of particular types. The input information will contain, for
each element, the types of fixture required for its production. A typification of elements, discussed later,
will generate this information automatically. Appropriate rules must then be built into the routine which
will indicate a priority of allocation of more important fixtures in the case of their shortage.

A scheduling procedure, using decision rules of this type, may be largely automated with the aid of a
knowledge based system explained in Chapters 12, 16. 

7.8
Information system

The nature of the information system

The purpose of an information system in production planning is (1) to convey production plans from
management to operational units in the plant, (2) to transfer performance reports from operational units to
plant management, and (3) to store pertinent information for present or future use.

The preparation of specific production and shipping plans and monitoring of their actual execution by the
operational units are done by special production planning and control (PPC) unit, which acts as a “brain” of
the prefabrication plant. The system therefore involves two loops, as shown in Fig. 7.8: one between plant
management and the PPC unit, and the other between the PPC and operational units.

Each loop consists of two branches: one conveys the orders—what to produce and when—and the other
conveys the reports—what has been produced.
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A separate information channel connects management, the PPC unit, and operational units to an
information storage. It contains information about the current status of various works and historical data
about past performance—for possible future use.

There are different ways, more or less formal, in which the information is conveyed. It can be conveyed
verbally, through written directives and forms, or through computer output—printed or displayed. In any
case, there are some basic elements which the information flow, regardless of its fashion, must contain.
Those elements are discussed now.

Figure 7.7 Production planning routine
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An integrated information system in a prefabrication plant may handle simultaneously production
information, as explained above, and cost information pertaining to it. For reasons of clarity, these subjects
are separated here. The handling of cost estimating and control information is explained in Chapter 8.  

Technical information

The technical information consists of an erection drawing and the design drawings for the various elements
to be prefabricated.

The erection drawing (Fig. 7.9) indicates the location of each prefabricated element in the building. It
forms a framework for the various facets of production planning, as explained later.

The design drawings of the elements are a basis for work planning of the different work teams in plant.
The mold drawing for each element (Fig. 7.10) is used by the metalwork shop. The mold drawing may
contain specific details of joints, openings, and fixtures, or a reference to standard details employed by the
plant. The information necessary for the production functions—the reinforcement production, the
preparation of electrical fixtures, the casting of the element —is contained on another drawing (Fig. 7.11).
This information can also be shown separately for each function, that is, a separate drawing can be prepared
for each of them.

The technical drawings are prepared on the basis of the architectural layouts and elevations, by the
engineering function in plant. In smaller plants they may be prepared by an outside engineering office. The
considerable amount of work involved with the production of these drawings for each building prefabricated
in plant (or bid for by the plant) can be drastically reduced by employment of computer drafting, as
explained in Chapters 12, 16. The detailed drawings are subsequently processed for cost estimating, as
explained in Chapter 8, and dispatched to the various production departments.

Management information

The production orders that the plant receives are bid for, negotiated, or received in other ways by the plant
management. They include the general technical information (drawings, specifications) about the buildings
or their parts to be erected and their construction schedules. The technical information is then processed by
the engineering function in the plant (or outside it) into the general erection drawings, which show the
partition of the building into single elements to be precast and into detailed drawings of each element. The
detailed drawings show the geometrical features of the elements, their reinforcement, other inserts, and the

Figure 7.8 Production information system in a prefabrication plant 
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Figure 7.9 Erection drawing: (a) for floor slabs; (b) for wall elements 
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materials of which the element is to be produced. It is also processed by the PPC (production planning and
control) unit in order to generate specific production plans, as explained in former sections.

The information conveyed by plant management to the PPC unit includes the required delivery dates of
the various production orders and is supplemented by technical information (drawings, specifications, etc.)
prepared by the engineering office.

In terms of production planning and control, the order is divided into project parts which conform to the
assembly schedule on site. For this purpose the order for a building to be prefabricated can be divided into
separate floors, then to element types on each floor, and then to shipment packages, according to their
assembly sequence.  

Production planning and control refers to these units at a different level of detail. The plant management
may be interested in the progress of production and delivery at the level of whole orders or their major
sections, as indicated in Fig. 7.12, while the PPC unit may plan and control at the level of shipments, or
individual elements. Planning at the level of production line will refer always to individual elements.

The information for plant management can be conveniently arranged on a bar chart over the plant
management planning horizon—usually 3–6 months in advance—as shown in Fig. 7.12.

The delivery orders are shown in a manner similar to their erection on site-—that is, buildings are divided
into sections, floors, and so on, each of them represented by a bar on a time scale. For example, A/1-A/4
bars in the Tel Nof project denote floors 1–4 in building A, to be delivered to the site in the various weeks
of January, February and March, 1986.

To follow the work progress on the various projects and be able to act early on possible delays, the
management must receive feedback from the production departments, amply processed and displayed. This
information—collected and prepared by the PPC unit—can be entered on the same chart, as shown in
Fig. 7.12. It shows, with a dotted line, to which extent the orders have actually been produced and can be
shipped to the site. The information in the chart shows that the delivery for the Tel Nof project is as
scheduled and the production is ahead of schedule — part of the B/1 section, to be delivered in February, is
produced on January 20. On the other hand there is a delay in the delivery and production of the Dor
project. 

The chart fulfills the following functions:

1 It forms the basis for a detailed production planning by the PPC unit.
2 It gives the management a general overview of the workload in plant in the planning horizon.
3 It indicates (with the feedback information) the general progress status of works in plant, with relation

to plan.
4 It shows the excess capacity remaining in plant in the planning horizon as a guide to marketing

activity. For this purpose, it is useful to express the orders shown on the chart in terms of some
aggregate production unit, for example, cubic meters of concrete or square meters of floor or wall
area, per period. By summing them up, it is possible to assess the actual planned workload versus the
existing capacity.

Production information in the casting lines

As noted earlier, the main tasks of the PPC unit include transformation of general management information
into detailed production schedules and processing of feedback data relayed by production departments into
meaningful information about the work progress.
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Information conveyed by the PPC unit to operational departments includes assignment of the ordered

Figure 7.10 Mold drawing 
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elements to production lines and molds and a schedule for their casting. The production plan is compiled by
the PPC unit from the general plan of orders delivery shown in Fig. 7.12, the erection drawings, and detailed
element drawings prepared by the engineering office.

Figure 7.11 Element drawing 
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The erection drawing prepared by the engineering office from the client’s architectural layouts and
elevations is shown in Fig. 7.9. It shows the general shape, name, and location of every element to be
produced.

For easier identification, each element is assigned a separate code name. An example of a code name is
702-F202–11
It includes three groups of alphanumerical digits:

1 The project identification (702), which may also include information about the part of the project in
which the element is used—building, section, floor, dwelling (e.g., 702 may mean floor 2 in project
70). The number of digits in this part must then suffice for such hierarchical subdivision.

2 The element type (F202), in which the letter F indicates the floor slab element. Different letters may
be assigned to various elements, for example, W for interior bearing wall, P for partition, S for stairs,
E for exterior wall, B for beam, and C for column. The numerical digits (202) denote the particular
type of floor element. The composition of these digits may also include additional information about
type of floor (solid, hollow) or special fixtures included.

3 The consecutive number in project (11) may be added if every element receives specific identification
for better production and inventory control. 

The element code is used on all documentation pertaining to the element and is also marked on the element
itself. The code, as explained earlier, may include a large amount of information about the element, but this
can also make it quite cumbersome and prone to notation mistakes. For this reason it is often abbreviated
and includes only the basic information about the element type, e.g., in the former example—F202.

Figure 7.12 General (management) production plan 
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The erection drawing is always prepared in consideration of standard or typical elements which the plant
is well equipped to produce. Detailed drawings of such elements already exist in the engineering office and
their various fixtures are available in the production departments. Identification of these standard elements,
their details, and fixtures can then be automated with the use of an appropriate code.

The information from an erection drawing may be conveniently arranged for the production planning and
control department in a list of elements, shown in Fig. 7.13.

The elements list includes all necessary information from erection drawing for production planning—the
type of element, its exterior dimensions, and if standard profiles are used for element edges—also their
notations. Having this  information, the planning unit may assign production of individual elements to the most
suitable molds. In other cases the assignment is done directly from an erection drawing.

A typical department production schedule, prepared in accordance with general delivery schedule, is
shown in Fig. 7.14. It shows the work to be done— casting or transformation—on every mold or mold
system in the department on each work day.

The schedule is used by the various operational departments—the casting lines, the reinforcement
preparation shop, the metalwork shop, the concrete center, and also by the testing laboratory, the stockyard,
and other involved units.

Figure 7.13 Elements list 
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The schedule is updated every week, and sometimes every day according to actual progress of work, in
addition to changes in timing and content of orders. It is usually conveyed to operational departments in
daily or weekly coordination meetings.

The feedback information about the actual work progress is conveyed daily from the elements casting
departments to the PPC unit, on production reports shown in Fig. 7.15.

The daily production report lists the elements that were produced and stored (i.e., will be ready for
delivery after the prescribed minimum hardening time).

In elements that require an extensive finishing process, not under control of the casting department, a
separate report is prepared, if needed, by the finishing team after the element has been transferred to
storage.

The daily report with names of workers engaged in production of the element may also be used for cost
control purposes and premium payment, as explained in Chapter 8. The quality inspection, as explained in
Chapter 9, may be  certified by a special quality inspector or other person designated for this purpose.

The production schedule and the general management production plan are continuously updated by the
information received from the production lines.

Shipping information

The shipping of produced elements from plant to erection sites is controlled through shipping orders and
direct communication between the stockyard and the erection teams.

The shipping orders for each project are prepared by the PPC unit, with the initial processing of each
project information, and transferred to stockyard. The order shown in Fig. 7.16 is prepared, based on the
planned erection progress and the carrying capacity of the carrier. A separate order is issued for each
vehicle, and to facilitate their proper assignment the weight of each element is indicated on the form.

Figure 7.14 Department production schedule 
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The form, when the order is delivered to the site, is signed by the supervisor of the erection team and
returned to the PPC unit for control. The comments column on the form may be used for description of
faults or defects in an element (mostly due to their loading or transportation) if those were detected by the
recipients.

The precise delivery of the orders may be scheduled by PPC if there is an intermediate storage of
elements onsite; that is, they are unloaded upon arrival from the carrier and then assembled when needed. If
the erection is done directly from the carrier or even from a detached trailer, the coordination of shipment must
be done directly between the erection crew and the stockyard. 

Figure 7.15 Daily production record

Figure 7.16 Shipping order (1 ton=9.81 kN)
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The general process of production and shipment monitoring may be done with the aid of an element
ticket, which is issued by PPC and accompanies the element through all stages of its production and
shipping. At each stage—production, finishing, storage, and shipment—an appropriate part of the ticket is
torn off by the supervisor responsible for this stage and returned to PPC, as evidence of completion.

A convenient chart for follow-up of production and shipping is shown in Fig. 7.17. The chart is arranged
in the same manner as shipment orders and is continuously updated. At the top, the dates of delivery of the
shipment and the consequent date of production of its last element (considering the required lead time) are
indicated. Underneath, the actual dates of production and storage of each element are entered from
production reports.

Shipments can be grouped on the control chart according to building sections or floors and thus facilitate
the monitoring of the total order execution, as depicted on the general management production plan.

The control chart also permits the daily control of the actual contents of the plant stockyard.

Other production planning

Production planning in other operational departments of the prefabrication plant —reinforcement
preparation and metalwork shops, concrete mixing center, preparation of electrical fixtures, and others—is
derived, as explained earlier, from the production schedule in the various elements casting departments.

Specific orders may formally be issued to each department by the PPC unit, or the information may be
conveyed by a general schedule and periodical coordination meetings. The technical information is supplied
directly to each department, by the engineering office, in detailed drawings of molds, reinforcement, and
various fixtures to be prepared.

Figure 7.17 Production and shipment control charts
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7.9
The use of a computer for production planning and control

Many production planning and control activities are today fully or partially computerized. Computers are
used routinely for visualization of planning schedules, and for updating production and shipping progress
based on reports data which are manually entered into the system.

In more advanced applications which will be discussed in Chapters 12 and 16 detailed production
drawings as well as production schedules are prepared from the general architectural design. Furthermore,
in an automated production line which will be discussed also, monitoring of the production progress is also
automated.

7.10
Summary and conclusions

The purpose of production planning in a prefabrication plant is to ensure timely and efficient production of
ordered elements.

The daily routine in plant is affected by the mold utilization cycle—the mold can be used once, twice, or
three times per day—and by an organization of the production work. The work may be done by specializing
teams, each one performing a distinctive activity, such as demolding, mold preparation, or casting. It can
also be done by teams that perform all production activities on each element. The first method often uses
movable molds between static workstations and is most efficient under large production volumes and
elements with similar work content. The other method is associated with static molds and is less affected by
changes in production volume or work content.

The production planning of elements consists of their assignment to specific molds and the scheduling of
their casting. This is done in such a manner that the elements are produced an ample time before their
required delivery and in a cost efficient way—in terms of all planning-dependent expenses.

If a large series of similar elements is assigned to a certain mold, and the capacity of the mold is larger
than the rate of delivery of elements, all elements can be produced in one sequence, or they can be produced
in batches with time intervals between them. Batch production saves storage costs but may require some mold
adjustment to each batch. If production in batches is preferred, the time intervals between them may be used
for production of other elements.

If elements can be produced on different molds in plant, their assignment and scheduling will seek to
minimize all decision-dependent costs—those of elements storage, mold adjustment, and expenses that may
be associated with labor fluctuation due to an uneven workload. If all cost parameters can be assessed, the
planning may be done with the aid of a mathematical optimization model. Otherwise, it is possible to follow
a planning routine that is aimed to ensure an efficient, even if not optimal, production plan.

An information system in a prefabrication plant must convey production plans to operational units and
relay back to management the feedback about the actual work progress. The detailed planning is done by a
special production planning and control (PPC) unit. This unit receives from the management general
information about projects to be produced and prepares, on this basis, production plans for the casting
departments, metalwork shop, reinforcement shop, and concrete mixing center. It also receives production
and shipping reports from the operational departments and updates the management on the general work
status in the plant.
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Assignments

7.1 Prepare a general and a detailed production schedule for production of elements necessary for
building described in assignment 2.1 of Chapter 2, assuming two typical floors are being erected
every week, on Monday and Thursday, starting Monday April 4, 1988. The total order includes six
typical floors. The molds used are those of a field plant described in assignment 6.2 of Chapter 6.

7.2 On April 10 the following backlog of orders for hollow core slab units was recorded: 

Order Thicknes
s
(mm)

Width
(mm)

Length
(m)

Quantity
(units)

Delivery
date

1 14 1.20 4.20 25 May 2,
1988

2 14 1.20 3.90 25 May 4,
1988

3 14 1.20 4.20 25 May 16,
1988

4 14 1.20 4.50 25 May 16,
1988

5 16 1.20 5.10 20 May 7,
1988

6 18 1.20 6.00 18 May 8,
1988

The plant has three casting beds: one of them is occupied until April 18, the other until April 25, and
the third is used for production of 16 mm slabs, 180 m of which must be delivered every week to a
customer immediately upon request for the next 6 weeks.

The production cycle of each bed is 3 days. The maximum output per cycle for such bed is 100 m
length of slab, 1.20 m wide. The plant operates 6 days/week. A minimum curing period in the
stockyard is 7 days. Based on this information prepare the production schedule for orders.

7.3 Prepare a detailed form for a control ticket for the production, storage, and shipping of an element, as
described in Section 7.8. At each control stage a part of the ticket is torn off and returned to PPC.
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Chapter 8
Cost Estimating and Control

8.1
Introduction

The purpose of cost estimating in a prefabrication plant is the following:

1 To enable price quotation to a potential buyer of elements or systems.
2 To establish a budgetary framework for efficiency control of various operations in the plant.
3 To provide data for economic comparison of alternative industralizaed technologies.

The purpose of cost control is to evaluate, on the basis of the estimates, the actual efficiency of execution of
the various orders, their profitability, and the efficiency of operation of the various functional departments
in a prefabrication plant.

The first part of this chapter explains the cost estimating principles, and the second part the cost control
procedures in a prefabrication plant.

The general nature of cost estimating and control in a prefabrication plant is similar to that in other
manufacturing industries. The various general aspects of cost estimating and control are described in Refs.
[3, 7, 8] and other sources. This chapter emphasizes the principles and procedures that are particular to cost
estimating and control in a prefabrication plant.

Computer application to cost estimating and control is also discussed.

8.2
Cost estimating

Cost estimating of prefabricated components is done at a different level of detail in two stages of order
processing:

1 At the preliminary stage of negotiations. The precaster is requested to quote the price to a prospective
client, using the available information, which at this stage usually includes the architectural layouts
and elevations of the building only. The estimate must therefore be based on several key parameters
which are already known: the type of element (slab, exterior wall, partition, etc.), its approximate
quantity—derived from the available drawings —some prominent fixtures (windows, doors, etc.),
which will be included in the element, and the average cost of the element per unit of concrete. This
last data is obtained from a database, maintained by the precaster on the basis of the results of his



previous work with similar elements. The database is periodically updated in the light of new orders
delivered by the plant, and their cost.

2 At the stage that an order is placed and designed. At this stage the precaster has complete information
about the elements to be produced and the estimate can be updated using all the design information for
each element—its geometry, material, reinforcement, and fixtures. The cost components which have
to be assessed at this stage are as follows: Materials

• Direct labor in production
• Molds
• Production overhead
• Plant overhead
• Elements transportation
• Elements erection onsite

Each of these cost components is examined in the following sections.

Materials

Materials, in the context discussed here, include all items that compose the prefabricated element or are
contained in it, namely,

• Aggregates
• Cement
• Admixtures
• Reinforcing steel
• Anchors connecting plates and other inserts
• Electrical conduits
• Door and window frames
• Insulation materials
• Materials for various finishes

The cost of these materials for a given element is calculated from their quantities and other characteristics,
as defined in engineering drawings and specifications, and from their market prices quoted by suppliers.

The market price of materials includes transportation from their source to the plant. For some materials—
for example, concrete aggregates and natural finishes—the transportation cost may be higher than their
original price at source.

In the calculation of material quantities, one should also consider the estimated waste percentage. There are
many possible reasons for waste of materials and here are some of them:

• Inaccuracy in supplied quantities
• Inaccuracy in batching (aggregates, cement)
• Defects due to poor storage conditions (aggregates, admixtures, door and window frames)
• Defects in production (concrete, finishes)
• Defects in storage, transportation, and erection of completed elements
• Incompatibility between dimensions in design and in supply (steel bars)
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The waste, as a percentage of measured quantities, varies for different materials, technologies employed,
control procedures in plant, and other factors. Under satisfactory control procedures and acceptable batching
equipment, the waste of materials in a prefabrication plant should not exceed 3–4% for most materials used
in production.

The actual waste factor to be added to a calculated quantity for any particular plant or material used in it
can be recalculated from the cost control data, as explained later.

Intermediate products

The cost estimating of a particular element can be compiled from quantity and price of each separate
material in plant. In most cases, it is easier to base the calculation, when possible, on intermediate products
or subassemblies—for example, concrete mixed or steel cut and bent—the cost of which is preestimated
periodically for all elements in plant. The cost of an intermediate product includes all cost components
incurred in a particular department that supplies it. For example, the cost of concrete includes the cost of
aggregates, cement, and admixtures, the cost of labor in its production and hauling to molds, the cost of
equipment employed in its production, and the cost of power, fuel, water, and other resources involved in
this process.

The cost of reinforcement, as an intermediate product, involves the steel bars, the labor in their cutting,
bending and tying (into mats or cages), the equipment, facilities, and other resources used for this purpose.

The cost of other intermediate production—for example, electrical subassemblies or window and door
sets—is composed in a similar manner.

Labor

Direct labor in plant normally includes all those labor inputs, which can be associated with specific work
tasks necessary for production of individual elements. It includes labor associated with casting, curing,
patching, finishing, handling, and loading of elements. It should also include work in batching and handling
of concrete, cutting and bending of steel, and preparation of other intermediate products, if their cost
estimating is not done separately, as explained earlier.

The labor estimating is usually based on some productivity norms measured or accepted in plant for
various typical production tasks. An example of such data compiled in Ref. [6] is given in Table 8.1.

The labor cost for an element is therefore derived from the total labor input of various works performed
on it and the pay rate (including all social benefits) for the class of labor employed in production.

Molds

The cost of molds used for production of a particular element is composed of the following:

• The cost of investment in molds, U1.
• The routine upkeep of molds, U2.
• The cost of molds adaptation to the particular element type under consideration, U3.

The cost of investment in a mold includes the interest on investment and its depreciation over time. The cost
depends on the initial investment, the purchase price of the mold and the cost of its installation, the interest
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rate on invested capital, and the number of years the mold will be in use. The investment cost per use U may
be calculated with the following equation:

Table 8.1 Direct labor in production of precast componentsa (in hours of labor per square meter of element)

Exterior walls
with granolitic
finish (tilting
table)

Exterior walls
with plain finish
(tilting table)

Solid slabs (table
mold)

Hollow core
prestressed slabs
(casting bed)

Interior walls
(battery)

Production of
elementsb

0.42 0.33 0.25 0.10 0.30

Production and
transportation of
concrete

0.06 0.06 0.04 0.04 0.04

Preparation of
reinforcement

0.03 0.03 0.02 0.01 0.03

Transportation of
elements

0.07 0.07 0.07 0.10 0.07

Handling in
storage

0.13C 0.05 0.04 0.02 0.04

Total (hr/m2) 0.71 0.54 0.42 0.27 0.48

Total (hr/m3 of
concrete)

3.55 2.70 3.23 2.07 3.20

aThe data pertain to exterior “sandwich” walls 220 mm thick including 20 mm of insulation, room-size solid slabs 130
mm thick, hollow core modular slabs 200mm thick, and interior walls 150mm thick. The data for room-size
slabs and exterior and interior walls apply to elements with an area of 10m2, cast on table molds or batteries
(interior walls). The corresponding requirements for 8 m2 elements would be 10% higher and for 12 m2

elements 10% lower. The data for hollow core slabs apply to 1.20 m wide and 100–200 m long casting beds.
b Includes cleaning and preparation of the mold, placement of reinforcement and fixtures, casting and compacting of

concrete, and demolding.
c Includes washing or sandblasting of the finish surface. 

(8.1)

where P=initial investment in mold
i=the annual interest rate on investment
n=the useful life of the mold (in years)
m=average number of mold uses (castings) per year
A more comprehensive explanation of the calculation of investment cost is included in Chapter 10.
Although the P, i, m parameters above can easily be estimated, the useful life of the mold is more

difficult to assess. The mold, as explained in Chapter 5, consists of several parts. For the purpose of economic
analysis, a distinction should be made between supporting and mechanical parts of the mold, and its
production surface. The first includes foundation, main supporting structure, and in some molds a
mechanism for its tilting, moving, and heating. The production surface, which is in direct contact with the
concrete, includes top plate, side frames, and other attached parts and is made, in most cases, of steel or
timber plate.
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The structure and the mechanical parts are not very much affected by wear and tear due to use. Their
economic life is usually assumed as no more than 10 years, mainly due to obsolescence, changes in
production technology, plant destination, or the nature of its products. The life of a production surface is
affected directly by the number of castings. It is usually assumed that a steel plate can be used 300–500
times (although 1000 and more uses have also been reported) and a timber plate 50–100 times, in a fairly
uniform mode of use. The number of service years n to be used in Eq. (8.1) is derived from this total
estimated number of castings per the total plate life cycle divided by the anticipated number of castings m
per year.

The routine maintenance of molds is required to keep them in a satisfactory shape, as defined in quality
control specifications (Chapter 9). According to these specifications, a mold should be examined
periodically by quality control inspectors; adjustments and repairs necessary for their satisfactory
performance are then identified and executed. Such routine upkeep U2 depends very clearly on the intensity
of use, although molds that are not used for an extended period of time also require some amount of upkeep
to maintain them in an operational shape.

The third cost component, U3, depends solely on the particular nature of the element series to be
produced. Consequently, it may vary considerably. In some cases, a series of new elements may not require
any transformation; in others an element of a very special shape may require a new mold for its production.

In some cases a distinction is made between the direct cost of the mold, which depends on its intensity of
use, and its indirect cost, which is only time dependent. The direct cost, including wear of surface and
adaptation of the mold, is allocated directly to each element. The indirect cost, including the investment in
structural and mechanical parts, and the routine upkeep is then added to the production overhead. Such
distinction is justified if certain molds are infrequently used, and allocation of their total indirect expense to
a small number of elements may unduly inflate their cost per element. 

Example

A series of 40 element units is to be produced on a mold which costs $5000 to install— $3500 for the
structure and mechanical parts and $1500 for the production surface. The mold is used, on the average, for 150
castings per year. Its routine upkeep requires 30 man-hours of fitter’s work and $100 cost of materials, per
year. Its adaptation to the particular element involves 50 hr of work and $250 for material. The cost of labor in
this type of steelwork is $20 per hour. The rate of interest is 10%.

The cost of investment U will be composed, as explained above, of two parts —an investment of P1=$3500
with an economic life of n=10 years and an investment of P2=$1500 with an economic life of about n=3 years
(assuming total number of 450 uses and m=150 castings per year). The cost will therefore be calculated with
Eq. (8.1) as follows:

The cost of a routine upkeep will be calculated based on the total annual expense for this purpose
and the number of uses per year; that is,

The cost of mold adaptation for a series of 40 elements will be
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And the total cost is

Production overhead

Overhead, or indirect, expenses include all cost items that cannot be directly allocated to specific elements.
A distinction is made between a production overhead, which can be traced to a particular production
department or production line, and a general plant overhead, which cannot. A production overhead usually
includes the following expenses:

Indirect labor

This includes all labor employed in general production tasks, such as line supervision, equipment operation,
equipment maintenance, and various auxiliary tasks associated with production in the department. Based on
Ref. [6], the indirect labor input may amount to 50% or more of the direct labor, in terms of hours of labor. 

Investment costs

This includes all types of equipment and facilities used in the department, such as cranes, carts, forklifts,
and machines. Their cost includes interest and depreciation, as explained before for molds. The accepted
economic service life for most plant facilities is 10–15 years, such as the economic life of the plant itself.
Some types of smaller equipment like carts, forks, and dumpers have a shorter life span —5–10 years. The
economic service life of various types of equipment is given in Refs. [1, 5] and other sources.

Cost of other production resources

This includes the cost of power, fuel, water, oil, various work tools, and materials associated with
production (but not placed directly in the produced elements).

The production overhead expenses are calculated per period (month, year) separately for each plant
department or a production line (e.g., production line for facades or stairs) if they can be identified with a
particular production type. They are allocated to the elements that were produced in this particular
department or line over the same period of time. The allocation of production overhead in the department or
line to individual elements may be performed on the basis of their direct cost, volume of concrete, or any
other acceptable measure.

Example

The total production overhead in a certain department is $5000 per period, and the total concrete volume of
elements cast per period is 500 m3. If the selected basis for an allocation of the overhead is the volume of
concrete in the elements, then the production overhead allocated to each m3 of concrete is $10. In an element with
3m3 of concrete, this cost component will amount to $30.

For convenience of estimating the overhead allocation Cp to a particular element is most often calculated as
a fraction kp of the total direct cost per element—Cd (which includes labor, materials, and mold costs); that is,
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Cp=Cdkp. The coefficient kp is periodically calculated by the accounting department for each production
department or line.

General overhead

General plant overhead includes all indirect expenses which cannot be traced to individual departments.
Those include clerical, managerial, and engineering salaries, rent and maintenance expenses of offices,
stores, and other general facilities, office furniture and supplies, telephone, mail, various taxes, and exterior
services.

The overhead may also include the cost of financing, which depends on the payment terms that the plant
awards to its customers and on the market interest rate. When the interest rates are high, or under inflation
conditions, the interest cost component may be quite significant and may deserve a special analysis for each
order.

Unlike production overhead, which is allocated to elements of the pertinent departments, general
overhead per period is allocated on the same basis to all elements which were produced in the plant in the
particular period. The basis can again be total direct cost, total direct cost plus allocated production
overhead, or volume of concrete.

For the convenience of estimating the general overhead, allocation Cg to a particular element may be
calculated using a coefficient kg which is multiplied by the direct cost Cd.

In some enterprises the general overhead is calculated as a percentage of the total direct cost inclusive of
transportation of elements and their erection onsite.

If the plant includes only one department, or if for some reason different departments’ overhead costs are
not recorded separately, then there is usually no reason for separate calculation of production and general
overheads.

Transportation

The elements are usually purchased from the prefabrication plant, including their shipping and erection
onsite. The shipping may be subcontracted or performed by the plant with its own vehicles. Under the first
possibility, the transportation cost component is the actual charge of the subcontractor plus any associated
expenses which the plant must incur in this activity.

If the shipment is done with the producer’s own vehicles—trucks and trailers—then the transportation
charge per unit, for example, 1 ton hauled over 1 km of distance, is calculated by considering all resources
expended for this purpose. Consequently, transportation cost per unit includes the cost of labor in trucking,
the cost of investment in equipment, its maintenance, operation (fuel, oils), and other associated expenses
per period, divided by the total weight shipped per period times the total shipping distance. The cost per
unit is periodically updated by the plant accounting department and forms the basis for calculation of
transportation cost in all plant estimates. The transportation cost per element is obtained by multiplying that
cost per unit by the weight of the element and its shipping distance.

Erection

The resources expended for erection of precast elements include direct labor, materials, equipment, and
other items involved in this process.
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The work expended in erection includes marking, assembling, jointing, welding, patching, and finishing
(as specified) of the elements.

The required labor input in hours per element, for assembling of the various components, is given in Ref.
[6] as 1.8–2.0 hr for exterior walls, 1.2–1.4 hr for interior walls, and 0.9–1.1 hr for floor slabs. The
concreting of joints between horizontal and vertical elements amounts to 0.06–0.09 hr per meter length
of joint, and the sealing of weather joints requires 0.03–0.04 hr per meter of length. These requirements may
vary according to the particular conditions in each system and the locality in which it is installed.

The materials needed include concrete, reinforcement, joint fillers, waterstops, and various finishes. Their
cost estimating is done very much in the same manner as cost estimating of labor and materials in plant.

The erection overhead includes the cost of assembling equipment, supervisor wages, and other indirect
expenses and is allocated to elements on the basis of their production cost, their erection materials and labor,
their concrete volume, or other basis chosen for this purpose.

An example of a cost estimating form is shown in Fig. 8.1. The cost estimate is usually prepared by the
engineering office, which obtains the technical data for  calculation of material quantities from detailed
element drawings and specifications, the labor requirements (productivity figures) from a data base kept and
updated in plant, and the prices and overhead allocation factors from the company accounting.

The form, as noted earlier, is a basis both for price quotation to clients and for internal cost control, which
is discussed in Section 8.3.

The various cost items are accompanied by their codes, which facilitates their computer processing and
cost control.

Concrete, reinforcement, door frames, electrical subassemblies, and so on are considered as intermediate
products and their cost per unit includes labor, materials, and overhead (as explained earlier) and is obtained
from their respective shops. The mold cost is separated here for the purpose of control (as explained in
Section 8.3) into the cost of routine use (interest, depreciation, and upkeep) and the cost of adaptation to a
particular element series. The production and general overhead is calculated for estimating purpose as a
percentage of the total production cost.

The erection cost may be itemized as in Fig. 8.1. It can also be entered as one cost element, which is
periodically calculated for each type of element—exterior walls, interior walls, partitions, floor slabs, and so
on—by the accounting office.

A long time may pass between the cost estimating and the actual production and delivery of an element.
Under conditions of inflation, there may then be a considerable difference between the estimated and the
actual cost of the element, due to escalation of prices of their various production factors. It is, therefore,
good practice to indicate, on the form, the relevant price index value at the time when the estimate is
prepared. It may be used later as a basis for updating of prices if needed. Under high inflation, it may be
necessary to apply different coefficients for the various inputs, depending on their specific escalation rates.
The various problems involved with estimating under inflation are discussed in Ref. [9].

8.3
Cost control

The purpose of cost control in a prefabrication plant is to assess the profitability of individual orders, to
evaluate the efficiency of operation of various functional units in a plant, and to generate basic data for cost
estimating. For these ends the cost control system performs the following functions:

1 Recording and allocation of expended resources to specific products or functions.
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2 Evaluation of recorded expenditures in view of previous estimates or budgets.
3 Storage of cost data for future use.

Obviously, the most important concern to plant or department management is whether each particular order
(we shall refer, in this context, to an “order” as a group of elements to be delivered to a particular client) is
efficiently and profitably executed. 

Efficiency is concerned with the manner in which the line or department management uses the resources
under its direct control—mostly labor and materials. The less those resources are used for production of a
certain output by better organization, elimination of waste, and technological improvements, the more
efficient the process is considered to be.

Figure 8.1 Cost estimate form (1 ton=9.81 kN) 
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Profitability is obviously affected by efficiency of production, but not only by it. It depends on the initial
profit markup determined for the order. It also depends on the various expenses not controllable by the line
or department management (e.g., depreciation, plant overhead), which must, however, be allocated to the
product cost in some arbitrary manner.

The efficiency of use of a particular resource in production can be assessed from the difference between
its estimated and budgeted quantity  and its actual consumption Qi in a particular order (or a particular
production period) as follows:

(8.2)
The difference may be expressed either in physical quantities (e.g., m3, ton) or their money value:

(8.3a)
where 

Under changing prices the efficiency measure  found with Eq. (8.3a) may not produce indicative
results, since it may be caused by a difference between the price of a resource at estimating and its price at
production.† A better efficiency measure is then the difference in physical quantities obtained with Eq. (8.
2). Its economic value may be assessed by multiplying the difference by a common price at production,

(8.3b)
It can be also assessed by adjustment of the estimated price by an appropriate inflation index J,

(8.3c)
The cost control is therefore concerned both with costs and with physical quantities of resources. The latter
may express sometimes, in a more tangible manner, the difference between estimated and actual
performance.

The difference � i, in Eq. (8.2) or  in Eq. (8.3) can be assessed either for the total order when it is
completed or for its parts as they are executed in various time periods.

The total efficiency of the order execution, at its completion or in a particular time period, could have
been calculated from the difference between the total cost of expended resources (as their common
denominator) and its estimated value: 

(8.4)

In reality, as explained later, the expenditure of only some resources, mostly labor and certain materials, can
be traced to individual orders. Others are used simultaneously for production of different orders in the
department, and it will be impossible or impractical to record their expenditure for each of them.

Consequently, the value � c obtained from Eq. (8.4) may be viewed as a contribution (negative or positive)
to the order profitability of those resources which can be directly controlled. Thus, for example, a difference
between estimated and actually expended labor can be assessed for each order. If positive, it contributes to
the order profitability, and vice versa if it is negative.

Many of the resources used in production of precast elements that cannot be traced to individual orders
can be controlled, however, on the departmental level. This means that their usage may be recorded for all
orders which are executed in the department in a certain time period and compared to the quantity which
was originally estimated for all produced orders as follows:

(8.5)

†The various aspects of cost control under inflation are discussed in Ref. [10]. 
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where=estimated quantity of resource i for execution of order j in the control period
Qi=the total expended quantity of resource i in the department in the control period
Equation (8.5) therefore indicates the total efficiency of the department in a certain time period with

respect to usage of a particular resource i.
In a similar manner, it is possible to assess the efficiency in terms of cost:

(8.6)

where=the  estimated cost of resource i in order j per period
Ci=total cost of resource i used in the department per period
The application of these cost control principles with respect to various production resources is discussed

in the following sections.

Labor

Direct labor in production can be recorded in each department with respect to the various orders, as shown
in Fig. 8.2.

The time sheets are filled out daily for payroll purposes and they indicate for each worker the time
expended on production of the various orders and the time spent on other general activities (e.g., cleaning,
materials handling, idle time). The recordings can be related in the same manner to individual elements, but
this appears to be impractical in most cases. The data obtained from work reports may be analyzed for
assessment and updating of labor requirements for the various types of element in plant.

The efficiency of labor use in each order in a given control period (week, month, etc.) can be compiled
from the output of finished elements in that period, obtained from the PPC unit, as explained in Chapter 7.

Figure 8.2 Daily work report form
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This output, when multiplied by the time allocation for each element from the original cost estimate
(Fig. 8.1), gives the total budgeted time for the part of the order which was completed in the control period.
This may be compared with the actual time expended per order in the same period.

Let us denote:

nk – The number of elements of type k produced in the control period in a certain order (received from
production control).

– The production-time estimate per element k.
L – The total time expended in the order in the control period.
� L – The difference between estimated and actual labor usage in the order.

We can then calculate � L from

(8.7)

The cost difference related to labor can be calculated in a similar manner, considering the estimated average
wage  and the actual wage w paid to workers:

(8.8)

Example

An order includes three types of elements—A, B, and C—with estimated labor time allocations of 15, 20,
and 13 hr of labor, respectively, per element. In a certain week the plant produced 10 elements of type A, 8
elements of type B, and 20 elements of type C, for that order. The total direct time charged to this order during
the same week was 590 hr. The deviation between the actual and estimated labor usage is obtained from Eq. (8.
7):

Assuming an estimated and actual wage of $6 per hour, the cost overrun is obtained fromEq. (8.8):

This means that the labor usage in the period decreased the planned profit from the order by an
amount of $120.

The difference between the estimated and actual labor cost can be caused by the following factors:

1. Excessive labor input due to low productivity in the production department.
2. Unrealistic labor estimates in the engineering office.
3. Difference between estimated and actual wages paid to workers.

Although the difference between the estimated and actual labor expense remains the same, its
analysis in terms of possible reasons, as shown above, may often improve plant efficiency in the
future.

In the same manner as for a single period, it is possible to evaluate the labor efficiency in the total order
produced to date. In this case h will denote the total number of elements of type k produced to date in the order.
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Materials

Some materials, when used, can be charged to individual orders, and hence compared with their estimated
allocations. Examples of such materials are reinforcing steel, electrical fixtures, window frames, and
various inserts. Whenever these materials are kept in stores and issued to operational departments for
execution of specific orders, their disbursement can readily be recorded, entered into the accounting system,
and charged to an appropriate order. Very often, however, the amount of clerical work involved in the
precise recording of the destination of each item transferred from stores (or exterior supplier) to an
operational department may be considerable and not justify its purpose. This happens when the operational
departments are working simultaneously on many orders and it is difficult to separate materials used for
each of them. In such cases the materials control must be done on a departmental basis. The total quantity
of a material, used by a department over a certain period of time, may then be compared with the estimated
quantity of the material in all elements which were produced by the department over the same period of
time. 

The difference between the estimated and actual material expense in the plant or in a department, � M, can
be calculated from

(8.9)
with nk the produced number of element k,  the estimated material input per element k, and M the total
quantity of the material expended per period.

Equation (8.9) is very similar in nature to Eq. (8.8), for calculation of the variance of labor usage.
However, Eq. (8.9) involves all the elements produced in the plant or department, in the control period, and
not just those belonging to a particular order.

The calculation of actual expenditure of the material M can sometimes be quite involved because it
requires not only examination of records of what has been supplied to the department over the control
period, but also assessing the difference in inventory of the material in the department at the beginning and
the end of the period. The quantity of material consumed equals the quantity of material supplied during the
period plus the quantity in stock in its beginning, minus the quantity in stock at its end.

Concrete is a prominent example of a material that, in most cases, can be controlled only on a
departmental basis (i.e., for each concrete mixing center). The quantity of concrete that was actually
supplied for each individual order is practically impossible to ascertain if elements for different orders are
cast simultaneously. If one wants to control the quantities of aggregates or cement used in concrete batching
center, one must compare them to quantities needed for the calculated concrete volume in all elements
which were cast during the control period from this center.

Consequently, the cost of these materials, the labor expended at the center, and the cost of the equipment
there can be compared with the estimated cost of concrete in all elements produced from it during the same
period.

Example

Three types of prestressed hollow concrete slabs have been produced in January, with concrete taken from
the plant’s batching center. Their recorded output and the concrete volume estimated (on the basis of technical
information for each type of slabs) for this output are shown in Table 8.2.

According to specifications, the concrete was to contain, on average, 3.5 kN cement, 12.0 kN of coarse
aggregate, and 7.0 kN of fine aggregate per m3.
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The cost of concrete, as an intermediate product for elements cost estimating, was estimated at 
. The total estimated cost of concrete produced at the center—in January—based on production records as
shown in Table 8.2, was therefore .

It may be noted that the actually incurred costs of $34,280 in January (Table 8.3) is higher than the cost of
$32,830 budgeted for elements which were produced in that month (Table 8.2). The overrun of $1450 could
have been caused either by underestimating the concrete cost at $49/m3 or by inefficient operation of the
batching center, which resulted in higher than normal use of resources. A partial answer to this problem may be
found from analysis of concrete ingredients—cement and aggregates 

Table 8.2 Concrete production and its estimated cost

Type of slab Output per month (m2) Estimated concrete volume (m3)

200mm 2,700 350

180mm 1,700 200

160mm 1,150 120

Total (m3) 670

Estimated concrete cost ($/m3) 49

Estimated total cost ($) 32,830

—which constitute a major part of the concrete cost. Their actual usage, shown in Table 8.3, is compiled from
their shipment records to plant during the month and their inventories at its beginning and end.

The quantity of materials used in production (line 4) is calculated by adding the quantity supplied (line 1) to
the initial quantity in stock (line 2) and subtracting the final quantity in stock (line 3). Other expenses (line 7)
are obtained from the accounting department.

It is worthwhile to note that the operators of the batching center were considered as an indirect expense. This
is preferred whenever their work cannot be traced to individual orders or order groups.

The variance between the estimated and the actual costs of concrete, and between actual and estimated
quantities of its ingredients, are summarized in Table 8.4. The estimated quantities of the ingredients were
calculated from the total esti

Table 8.3 Cost of concrete production

Cement Coarse
aggregat
es

Fine
aggregat
es

Total

1 Supplied
during
the
month
(tons)*

200 830 490

2 In stock
at
beginnin
g of
month
(tons)

150 50 10

3 In stock
at end of

100 30 20
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Cement Coarse
aggregat
es

Fine
aggregat
es

Total

month
(tons)

4 Used for
productio
n (tons)

250 850 480

5 Price ($/
ton)

60 5 6

6 Cost of
materials
used ($)

15,000 4,250 2,880 22,130

7 Other
expenses
per
month
(labor,
equipme
nt,
power,
etc.) ($)

12,150

8 Total
productio
n cost at
the
center ($)

34,280

*1 ton=9.81 kN

Table 8.4 Difference between estimated and actual consumption

Cement Coarse
aggregates

Fine
aggregates

1 Estimated
(tons)*

235 804 469

2 Used (tons) 250 850 480

3 Variance (tons) −15 −46 −11

4 Price ($/ton) 60 5 6

5 Cost of
variance at
actual prices ($)

−900 −230 −66

6 Total cost ($) −1,196

* 1 ton=9.81 kN 

mated quantity of concrete and their specified quantities per m3 of the mix, as noted earlier.
It is evident that the cost overrun is largely explained by the excessive use of materials at the center, as

reflected in Table 8.4. It must be realized, however, that inventory stocktaking of such materials as cement and
aggregates is never exactly precise and leaves some room for deviations one way or the other.

206 INDUSTRIALIZED AND AUTOMATED BUILDING SYSTEMS



Under an efficient cost control, the cost of concrete for estimating purposes, as well as the cost of other
intermediate materials, is periodically updated on the basis of records and their analysis, as explained
above.

Molds

The cost of molds was divided in estimating into the following main components: investment cost
(depreciation and interest)—U1; maintenance and repairs—U2; and adaptation to a particular type of element
—U3. All these components were considered as direct cost in estimating and were calculated for each
element separately. In the control, however, only the adaptation work, U3 (done by the metalwork shop),
can be traced to a particular order and compared to its original estimate. Other cost components U1 and U2

cannot be related to specific orders and are controlled with the department overhead.

Overhead expenses

Overhead expenses cannot be traced, by definition, to individual orders, and they can therefore only be
controlled on the total department level—for production (or department) overhead—and on the total plant
level—for general (or plant) overhead.

The control consists in comparison of the estimated or budgeted expenses in the control period to those
actually incurred and recorded.

Consequently, the efficiency of operation of a particular department, or the plant as a whole, is reflected
in the difference between previously estimated and the actual expenses with respect to the various items
under control. The actual expenses incurred in a prefabrication plant are routinely recorded and classified
(into groups of items) by the plant accounting function.

Such comparison of estimated and actual overhead expenses can render meaningful results if the actual
production output is roughly the same (in terms of physical quantities or their money values) as the one
which was originally used as a basis for the estimate. Otherwise, for a meaningful comparison, the estimate
must be adjusted to the actual output. For the purpose of such adjustment, various overhead expenses should
be classified as either fixed or variable.

Fixed expenses are those that are unaffected by the volume of production. Examples of such expenses are
depreciation (if the equipment and other facilities do not change due to possible changes in output), salaries
of supervisory and clerical personnel, taxes, and office supplies. Variable expenses are those that change in
some way with the volume of production. Examples are fuel, electricity, and routine maintenance of molds. 

If the actual output per period Q significantly differs from the estimated output  the overhead expense
Co must be divided, for the control purpose, into its fixed and variable parts. The fixed part of the actual
overhead will be compared “as is” to its previously estimated value , and its variable part  will be
compared to its estimated counterpart  adjusted for the differences in output. The efficiency of operation
(of a department or the plant) with regard to over-head expenses will be reflected in the cost difference 
as follows:

(8.10)

Such comparison can be made for the total department or plant overhead or for each item separately.
Equation (8.10) is based on an assumption of a linear change of variable overhead with output. Such an

assumption, although imprecise in most cases, is usually applied in the absence of a more realistic estimate.
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Example

The estimated production overhead in a plant could be derived as follows: the fixed (i.e., output-
independent) component was estimated  at per month and the output-dependent component at

 per month for a monthly output of 500 similar elements. The actual overhead expense in the
department was, in a certain month, Co=$25,000, and the output was 350 elements. The department
performance could be assessed with Eq. (8.10):

That is, there was an effective overrun of $1000 with respect to the estimate.

Total cost and profit performance of an order

The principles of cost control for the major individual production cost components were explained in the
former sections. The total cost efficiency of a particular order execution could be assessed from the direct
contribution of the order, to the profit expected from it, with the aid of Eq. (8.4), which is restated here:

The equation sums up the cost difference between the estimated and actual costs of all resources which
could be traced directly to a particular order.

The total profit from an order depends on the cost contribution of directly traceable resources as
calculated with Eq. (8.4). It also depends, however, on additional factors, such as:

• The original price P quoted to the client.
• The actual cost of materials, the usage of which could not be traced directly to the order.
• The share of actual overhead expenses allocated to the order. 

The profit from an order (or part of it executed in any control period) can therefore be calculated as follows.
The direct production resources are divided into two classes: resources i, which can be traced to

individual orders, and resources r, which cannot be traced to individual orders but are controlled on a
departmental level. The cost of resources i is taken at its actually incurred value for the particular order in
the control period. The cost of resources r is taken at its budgeted value for the quantity of the order
produced in the control period. This budgeted value is adjusted by an efficiency coefficient kr which is
obtained by dividing the actual by the budgeted cost of resource r used for all orders produced in the
department in the control period. The cost of overhead is calculated by multiplying the total cost of
production resources per order by the most recent overhead coefficient (obtained from accounting
department) for the control period.

The overhead coefficients kp and kg are calculated, as explained in Section 8.1, by dividing the total
overhead expense in the department or the plant, respectively, by the direct production costs in the control
period.

If the produced elements were already shipped and erected, then the actually incurred costs are
considered in the profit calculation. Otherwise, their most reliable estimates are taken into account.

The profit per order, or its part produced in any control period (week, month, etc.), can therefore be
calculated from
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(8.11)

where P=the price of an order (or its part) produced in the control period
Ci=the actual cost of a resource i (traceable for each order) pertaining to the order in the control period
Cr=the estimated cost of a resource r (controllable at the department level) pertaining to the order in the

control period
kr=the ratio between total actual and total estimated cost of resource r (in all orders) in the control period
kp=the production overhead allocation factor
kg=the general overhead allocation factor
CT=actual transportation cost of produced elements
CE=actual erection cost of produced elements

Example

Thirty similar elements, priced at $400 each, were produced in September for a certain customer. The cost of
labor, reinforcement, and various inserts, recorded separately for this order, amounted to $3900. The budgeted
cost of concrete, following the initial estimate, was $125 per element. The concrete usage was controlled on the
department level and the ratio between actually incurred cost and estimated cost of concrete in September was
kr=1.05. Other expenses incurred were included in the overhead. The production and plant overhead
coefficients were kp=0.20 kg=0.10, respectively. Transportation and erection of elements were done by the
customer (not included in the price). 

The profit per order can be calculated with Eq. (8.11):

8.4
Computer use for cost estimating and control

Computers are routinely used for cost estimating of precast elements. After the completion of design, the
dimensions or quantities of the resources used for each element are entered into the computer system with
an appropriate resource code. The computer extracts the cost per unit of each resource from a database and
performs the necessary cost calculations, as explained in Section 8.2.

Quantities of resources can be obtained automatically with the design, if a suitable 3D CAD software is
used for the design generation.

The computer may be used in a similar manner for cost control. The resources which were actually
expended for an order and their costs are entered into the computer system and compared with the estimated
quantities and costs of resources, as explained in Section 8.3. The deviations of quantities and costs of
resources are calculated by the computer, and displayed.

In an automated prefabrication system, the actual expended resources for an order can be obtained
automatically from the production equipment, as explained in Chapters 12 and 16.

8.5
Summary and conclusions

The purpose of cost estimating in a prefabrication plant is to enable price quotation to customers, to
establish budgetary framework for orders execution, and to provide data for economic comparisons.
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The main cost components of prefabricated elements are associated with materials, direct labor, molds,
production overhead, plant overhead, elements transportation, and their erection onsite. The cost of
materials is estimated from their measured quantities and the prevailing prices. The cost of labor is obtained
from estimated inputs and pay rates. The cost of molds includes their depreciation and interest, their routine
maintenance, and adaptation expense to the particular types of element under consideration. All expenses,
which can be associated with the total production department but not with a particular element or order, are
considered a production overhead. The production overhead component is allocated to elements or orders
on some reasonably selected basis, such as direct production cost or concrete volume. The plant overhead
includes these expenses, which are not associated with any particular production department. It is allocated
to production units in a similar manner as the production overhead. The transportation cost component
depends on the weight of the element and the distance it is shipped. The erection cost includes the labor,
materials, and other expenses involved in assembling, connecting, jointing, and finishing of elements
onsite. 

The purpose of cost control is to evaluate the efficiency of execution of the various orders, their
profitability, and the efficiency of operation of the various functional departments in the prefabrication
plant.

The efficiency of use of any particular resource in production can be assessed through the difference
between its estimated (and budgeted) and actually consumed quantity. The total efficiency of execution of a
particular order can be assessed through the difference between the budgeted and the actual cost of all
resources necessary for this purpose. The actual use of some resources, such as labor, reinforcement, and
various inserts, can be traced to distinctive orders, and it can be compared to their estimated quantities or
costs. The use of others (e.g., concrete) cannot be traced to individual orders and their actual versus
estimated usage may be established only for all orders in a department or the whole plant in any production
period. The overhead expenses in a department can also be controlled by comparing their estimate with the
actual outlay in a control period. However, in such a case, the variable part of the estimated overhead must
be adjusted considering the difference between the estimated and the actual over-head.

The profit realized in any particular order, or its part, can be assessed by subtracting from the customer’s
payment of all expenses that can be traced to the order, and a proportional part of expenses which can be
traced only to the whole department or the total plant.

Assignments

8.1 Prepare a cost estimate for room-size floor and wall components designed in assignment 2.1 of
Chapter 2. Use, for this purpose, prices quoted in Ref. [4] or any other pertinent source. Use
coefficients kp=0.3 and kg=0.2.

8.2 Prepare a cost estimate for a modular prestressed floor slab as described in assignment 2.2 of
Chapter 2.

8.3 Give an outline of a routine procedure for the control of the cost and profitability of production of the
elements in assignments 8.1 and 8.2. Prepare an outline of the forms necessary for this purpose, and
indicate the sources for the various entries and the activities to be performed by the cost and profit
control centers.
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Chapter 9
Quality Planning and Control

9.1
Introduction

Quality is defined by ISO (International Standards Organization) 8402 as all the characteristics of a product
or a service—stated and implied—that bear on its ability to satisfy the needs of the user.

It follows that in order to ensure a desired level of quality, the characteristics pertinent to the satisfaction
of the user needs must be identified, the requirements from them must be defined, and their attainment in
production must be measured and controlled.

In this chapter the general nature of quality control and its specific aspects in the production of
prefabricated elements will be presented and explored. These aspects include the materials, the production
process, the finished elements, and their erection onsite.

The subject of quality will then be further extended to a general Quality Management concept which
involves not only the production process but all activities in a plant or its parent company that have a
bearing on quality.

The discussion here of the various aspects of quality is limited to the context of a prefabrication plant. A
more general and extensive treatment of this subject can be found in [2, 3, 5, 6, 7] and other sources.

9.2
The nature of quality control

The quality of a prefabricated component or a system of components, has been defined as all the
characteristics that bear on the component(s) ability to satisfy the user’s needs. These characteristics should
be defined whenever possible by explicit quality requirements which are then enforced by a quality system
employed in the prefabrication plant. 

The quality requirements

The quality of a building component, as defined above, is determined by its performance in terms of the
various attributes which could be sectioned into the following groups of user needs:

• Health and Safety—protection from structural collapse, prevention of health and hygiene hazards, fire,
and security against break-ins.



• Serviceability and Use—reliability of service systems, prevention of short-term effects that may
adversely affect a system’s performance such as deflections, vibrations, and various malfunctions.

• Comfort—hygrothermal, acoustic, and visual.
• Preservation of Property—prevention of fire spread and moisture, maintainability and durability.
• Aesthetics—lack of spots, blemishes, or irregularities.

Most of these attributes were extensively discussed in Chapter 4.
The future performance of a component with respect to these needs can be inferred from its physical

properties, such as weight, strength, and flatness, and also from the characteristics of the composing materials
and their production process. Consequently, the desired future quality performance can be specified for
production purposes in terms of pertinent physical attributes of the component, of its materials, and of the
production process, and controlled accordingly.

Since the conformance to specifications cannot be absolute, a certain range of variation between the
specified value and the actual value of an attribute occurs in all production processes. Thus, for example, a
required length of an element of 2.70 m will probably result in an actual dimension of 2.70 ± �  with �
equaling perhaps 1mm in a very accurate production and � =10mm in a rather sloppy one. The requirements
therefore include not only the absolute specified value of an attribute but also its permitted deviation from
this value.

A maximum permitted deviation from the specified nominal value of an attribute, for example, length and
weight, is defined as tolerance. The production tolerance is determined in view of the functional or aesthetic
implications of a deviation of the product on one hand, and the cost of attaining a higher precision on the
other.

The implications of the defined tolerance in production of precast elements may be structural—as in the
case of concrete strength, location of reinforcement, connecting plates, anchors, and straightness of
columns. They may be functional when they affect, for example, the width or geometry of joints or the size
of thermal bridges in exterior walls. They may be aesthetic when they involve the magnitude of cracks and
blemishes in exposed elements. The tolerances may vary in accordance with the location and function of the
element. A tolerance for the straightness and wholesomeness of an element edge which forms a weather
joint must not necessarily be the same as the tolerance of the edge of an element near an interior joint which
is grouted after the erection. Similarly, the finish tolerances of an element that remains exposed could also
differ from those in an element that is to be covered with paint or plaster. These aspects are examined in
their context later in this chapter. 

The definition of a tolerance, in an attribute or a set of attributes, will have a clear economic significance.
The economic benefits of better quality prefabricated systems, as defined by stricter tolerances, may be

perceived as saving or reducing the costs resulting from their poor quality. The costs of poor quality may be
enumerated as follows:

1 Higher repair costs of production faults in plant.
2 More material waste during handling, storage, and production.
3 More conservative design requirements. Poor quality results in larger deviations from the target level

of performance and consequently requires higher safety coefficients in design, which in turn entail
higher material cost. Section 9.3 illustrates this point with an example of the concrete mix preparation.

4 Higher maintenance, repair, and malfunction costs in use.
5 Dissatisfaction of the user with aesthetic aspects of performance: cracks, spots, and blemishes.
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As noted above, some of these costs (1, 2, 3) affect the producer of a precast element and some (4, 5) the
user of the building over the element’s economic life cycle. From a general economic viewpoint these costs
can be added, since a user with a lower satisfaction level will reduce the price that he is willing to pay for it
and vice versa.

In general, striving to attain higher quality entails higher costs, associated with more reliable materials, more
precise production tools, more skilful labor, and more inspection. Conceptually, different quality levels
could be defined by appropriate sets of tolerances with respect to the various attributes of the product. If all
quality-related costs could be quantified for each quality level, then the optimal quality level could be
identified as one for which the sum of costs is minimum, as shown in Fig. 9.1. 

In practice it is difficult to define various quality levels, and even more so to assess precisely all the costs
associated with each of them. The quality requirements in codes and standards are therefore determined, in
most cases, from common consent of users, designers, and producers as to their most desired level. They are
guided by the following considerations:

1 Direct Performance Considerations. These include the impact of possible cracks, deflections, and
size deviations on the strength, durability, serviceability, and maintainability of the components.

2 Aesthetic Considerations. These cover the extent to which various defects and blemishes will affect
the building’s appearance.

3 Technological Considerations. These include the precision levels that can be expected from the
equipment for batching, molding, and other production operations.

4 Economic Considerations. These cover the cost of equipment, materials, skilled labor, and inspection,
necessary to ensure the required levels of quality.

The quality control system in the plant

The quality control system in a prefabrication plant includes quality specifications, quality control
procedures, and quality inspection personnel. The following sections will focus on the quality control topics

Figure 9.1 The optimal level of quality for a product 
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specific to prefabrication. A more comprehensive concept of Quality Management will be introduced later
in this chapter.

The quality specifications should define the pertinent physical properties required from the components
produced in the plant and the methods to attain them. Specifically, they must refer to the following subjects:

• Basic production materials
• Concrete production
• Elements casting
• Finished elements
• Storage and transportation of elements
• Erection onsite

Some of the specifications, mainly those concerned with physical performance of materials and components,
will be based whenever possible on accepted general standards. Others, concerned with the production
methods, must be adapted to the specific technology employed in the plant.

The control procedures employed must ensure with sufficient certainty the conformance of precast
elements to the quality specifications, as defined earlier. These procedures are discussed in the next section.
The activities performed for this purpose should be appropriately documented with a clear responsibility for
their execution. In general, the following parties in the plant are responsible for the quality of elements and
its control: 

1 Production Workers. Production workers in all departments must be familiar with the quality
requirements pertaining to their work and must be equipped with the necessary tools to test them.
Workers may be made directly responsible for quality through employment of various material
incentive schemes, which reward good quality or impose some penalty on defects due to sloppy
work. They may also be actively involved in devising and executing quality control policies through
advanced participation programmes, such as total quality control and quality circles. Both schemes,
originated in Japan and described in Ref. [3], are based on workers’ personal involvement in the
plant’s prosperity and reputation and their motivation to actively advance them through quality
improvement.

2 Line Management. The quality of products in departments or production lines should be considered as
a direct responsibility of those in charge of the process in the same manner as an adherence to a time
schedule or to a cost budget.

3 Quality Control Personnel. Especially designated and trained quality control personnel, which must be
employed in every prefabrication plant, should be made responsible for the following tasks:

a Preparation and dissemination of written quality specifications to every unit in the plant involved in
production, handling, and storage of precast elements.

b Quality inspection activities, mainly those involved with special equipment (e.g., laboratory tests)
or those that are particularly time consuming (e.g., precise measurement of dimensions in a given
element).

c Quality assurance (i.e. supervision of quality control activities) performed by others—workers and
line supervisors,

d Training toward quality—explanation of quality requirements, use of measurement tools, and
keeping of quality records.

QUALITY PLANNING AND CONTROL 215



e Initiation and supervision of various quality programmes—for example, quality circles and quality
incentives.

The involvement of top management in the quality maintenance process will be discussed later in this
chapter.

In reality, the policy of the plant management with respect to quality control will be very much affected
not only by the costs incurred, as explained above, but also by the client’s attitude in this respect. The
client’s precise definition of quality requirements, and their actual enforcement, will be reflected in the
control procedures of the supplier.

The need for a tight quality control will also depend on the general attitude of workers and line
management to quality. If a strict conformance to well-defined quality requirements is naturally viewed by
all parties as a part of a production process, a less stringent formal process of control is needed.

Sections 9.4–9.8 review the prevailing quality standards with respect to various elements of the
production process and suggest possible methods of their control. 

Quality assurance

A customer, the parent company, or the plant management may wish to ensure that the plant conforms to
established quality standards ascertained by an independent quality assurance programme. The programme
will usually include the following elements:

1 It inspects and approves the production specifications employed in the plant for the various types of
product.

2 It inspects and approves the equipment employed for this purpose.
3 It inspects and approves the control procedures employed by the plant.
4 It periodically controls the actual adherence of the plant to the control procedures through inspection

of the documentation and the personnel.
5 It periodically tests product samples to infer on the general level of quality actually attained in the

plant.

The programme may be administered by an outside institution, or in the case of a large company, by an
independent organization. If the programme is administered on a continuous basis by an institution of formal
standing the plant may obtain an appropriate certification for compliance with the required production
standards. Such certification may often be required in a contractual agreement with a customer. The
performance of accredited, certifying agencies may also be regulated by certain standards such as, for
example, ASTM E541, ASTM E651 in the United States.

In large plants an internal quality assurance programme can be instituted to maintain the quality control
procedures employed in the production departments.
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9.3
The process of quality control

Inspection methods

The quality control is associated with physical inspection of conformance of a specific attribute or attributes
of a product, such as strength, dimensions and others, to their required standards. A corrective action such
as rejection or correction is applied whenever it appears that these standards have not been attained.

Two types of approach to inspection can be distinguished. Under one of them, each production unit is
tested and a corrective action with respect to it is taken when required. Under the other, a representative
sample is tested in each produced lot of production units. The quality of the whole lot is inferred from the
test results of the sample. Both approaches are applied in quality control in the prefabrication plant.

The first approach—inspection of each unit—is applied to all complete elements during and after their
production process. Each such unit (e.g., wall, slab) performs an important role in the building, and some
production defects if not detected and corrected in plant may have very negative economic and functional
consequences later on. Typically, a building element has many attributes that should be controlled. For
practical reasons, only some of them can be physically measured with appropriate tools, in every element;
others are inspected visually and the effectiveness of inspection depends, to a large degree, on the
experience and alertness of the person responsible for it. Since an inspection of every precast unit—finished
or in production—involves many items, the process may be largely helped by a form on which all those
items are listed and checked out, at their inspection for acceptance or rejection. An adaptation of
measurement tools to the specific attributes of precast elements makes the control more efficient and
reliable.

The second approach—the statistical inference from samples—is employed in the prefabrication plant
with respect to the quality control of the concrete mixing. The strength and other attributes of the concrete
are tested in the sample, or samples, taken from each concrete batch, and if the results do not meet a
preestablished criterion, a corrective action is taken with respect to the mixing process or the particular
batch from which the sample was taken. A statistical control may also be employed for testing of materials
supplied to the plant, or for “second-level” quality assurance performed with respect to the regular
inspection activities of the line personnel. Finally, statistical quality control procedures are employed by
certifying agencies within the scope of their quality assurance programmes, as explained in the previous
section.

Principles of statistical quality control

The purpose of the statistical quality control is to monitor the variations in the values of pertinent attributes
of the produced output and indicate the need for corrective aciton if required. It is assumed that a certain
variation always exists in the tested values of the production units, such as strength or dimensions. The
variation may be a result of a major assignable cause, which should then be identified and eliminated. It
may be the result of chance causes—various small factors that are not readily detectable. For example, a
variation in concrete strength may be caused by variation in ingredient characteristics, in batching and
mixing equipment performance, in curing and testing conditions, or in human errors.

The chance variations are expected to follow a predictable pattern, usually a “normal” distribution that
can be interpreted with statistical methods. A normal distribution, depicted in Fig. 9.2, may be characterized
by its mean and standard deviation values. Those values can be inferred from prior tests as follows.
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Given n samples with an attribute value (e.g., concrete strength) of Xi in a sample i(i=1, 2,…, n), the
mean value  is obtained from

(9.1)

If the sample contains several specimens, its value X can be taken as an average of the specimen values.
The standard deviation of the attribute value inferred from the tested samples may be calculated from 

(9.2)

Given the mean value of attribute X and a standard deviation a, calculated from a large enough number of
samples n (n=30 is considered sufficient for this purpose), and assuming a normal distribution of attribute
value around the mean, as shown in Fig. 9.2, it is possible to draw from it significant quantitative
conclusions.

In general terms, it is possible to assume that about 68.27% of the tested specimens will fall within ± �
from the mean, about 95.45% within ± 2�  from the mean, and about 99.74% within ± 3�  from the mean.

In more specific terms, it is possible to infer from this distribution the probability that the value X of any
sample taken at random will fall below (or above) a specified value Xc.

This may be done by first finding the coefficient t from

(9.3)

and then finding the probability of X<Xc from normal distribution values, reproduced in Table 9.1.
If, for example, the mean strength of concrete is  and the standard deviation is , there is

a probability of 50% that the strength of any sample, taken at random from a produced batch, will fall below
a specified strength of . This is obtained from Table 9.1 for t=0 calculated from Eq. (9.3).
In the same manner, the probability of  will be 15.9%, for

It is also possible to calculate, from the normal distribution curve, the probability that Xm, an average value
of m consecutive tests, will fall below a specified attribute value Xc, with coefficient t obtained as follows: 

Figure 9.2 A normal distribution curve
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Table 9.1 Probability of X<Xc given † and assuming a normal distribution of events

t P(X<Xc) t p(X < Xc)

0 50% 1.6 5.5%

0.2 42.1% 1.8 3.6%

0.4 34.5% 2.0 2.3%

0.6 27.4% 2.2 1.4%

0.8 21.2% 2.4 0.8%

1.0 15.9% 2.6 0.45%

1.2 11.5% 2.8 0.25%

1.4 8.1% 3.0 0.13%

(9.4)

In the former example, the probability that an average strength of concrete in m=4 tests will fall below
Xc=19.0 MPa with � =1.0 MPa will be 2.3%. It is found from Table 9.1 for

Assuming again that the variations in the values of attributes of the produced output behave in a random
manner—the important quality attributes of the whole produced lot can be inferred from the test results of
the samples. A control procedure, applied for this purpose, must define the sampling method—the number
of samples taken from each lot, the size of each sample, and the testing method. It must also define criteria
for evaluation of the test results—whether they merit an acceptance of the tested lot or require some
corrective action. The procedure is intended to ensure, at a stated level of confidence—usually 90–95% —
that the quality of the lot will not be misjudged—for example, found acceptable while in fact it is not
satisfactory, based on the results of the samples’ tests. Such procedures are sometimes defined in national
standards, as in the case of concrete testing, which is discussed in Section 9.5. Otherwise, it must be devised
for each particular case. The methods employed for this purpose are described in Refs. [4, 11] and other
sources.

Control charts

It was noted that statistical characteristics of the produced output can be inferred from the tested samples.
The process is “under control” if the variations around the mean value of the tested attribute follow a
normal distribution within prescribed control limits. It is convenient to monitor continuously a production
process, as reflected in the results of tests with the aid of control charts of the type shown in Fig. 9.3. Such a
chart, which records the test results of consecutive samples, can reveal whether the variations are distributed
around the mean in a random manner, and only a negligible portion of them fall outside the determined
control limits. If the chart inspection reveals that a process gets out of control, the reasons for it must be
identified and a corrective action taken.

Control charts may include additional criteria, except for the lower and upper control limits. A chart may
also indicate a value Xc of an attribute, which must be exceeded by a stated portion—for example, 95% of
the test results. An observance of such a criterion may easily be verified by a periodic inspection of the
chart.

QUALITY PLANNING AND CONTROL 219



Documentation

It is very important that all the control processes be exhaustively described and documented. This includes a
manual that describes in detail the inspection procedure to be performed for each pertinent item and a
documentation in filled out forms, ledgers, and so on of each inspection accordingly performed.

9.4
Materials

The principal materials used in the production of prefabricated elements are the ingredients for concrete—
cement aggregates and admixtures, and various types of reinforcement and exterior finish. These materials
are examined in Chapter 5. The standards defining their performance are given in the references at the end
of this chapter.

The compliance to standards of most materials supplied to the prefabrication plant is tested at the source.
The materials are then supplied with compliance certificates from a recognized laboratory. The certificates
should include testing results of all attributes required in appropriate standards. In the absence of
compliance certificates, appropriate tests are performed either by the plant itself or by an outside laboratory
on samples taken from each shipment. Testing methods, if not defined by standards, should follow the
statistical principles explained in Section 9.3. Records should be kept in the plant, either of certificates or
test results for every shipment of materials supplied to the plant.

9.5
Concrete production

The main attributes of concrete quality which are always controlled in a prefabrication plant are concrete
strength and workability. Other attributes that are also frequently controlled are unit weight (especially for
lightweight concrete), air content, and temperature of fresh concrete.

Figure 9.3 A control chart
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Quality requirements

Codes and standards for concrete quality and its control are given in the references at the end of this chapter
for selected countries.

The strength requirements from concrete are defined in terms of the nominal strength required, usually
after 28 days, and the permitted tolerance. The tolerance is expressed in probabilistic terms, that is, in terms
of the probability that a strength of a tested sample will not fall below a prescribed level. The usually
required confidence level, that is, the probability that a sample strength will not fall below a prescribed
value, is 90–95%. The strength attained with this confidence level is often referred to as characteristic
strength. Various standards include criteria for an inference from a limited number of tests that the required
confidence level is attained.

Thus, for example, the required confidence level of 95% is considered as attained according to BS 5328
in the United Kingdom for concrete C20 (characteristic strength of 20 MPa) and above, if an average
strength of any group of four consecutive test results exceeds the specified characteristic strength by 3 MPa
and if the strength determined from any test result is not less than the specified strength minus 3 MPa.
Criteria defined in similar terms are included in the U.S. recommendations ACI 318.

As explained earlier in this chapter, such probabilistic criteria can be satisfied only if concrete is designed
for higher than specified strength. The extent of “overdesign” will depend on the anticipated variability of
strength results caused by various factors, such as variability of ingredient properties, imprecise batching, or
variability of ambient conditions.

It was explained in Section 9.3 that, assuming a normal distribution of deviations, it is possible to
calculate, from the mean  and a standard deviation �  of this distribution, the probability that the strength of
any given sample X will not fall below the desired level Xc. Conversely, it is possible to select the mean
design strength  of the concrete mix in such a manner that the result of any test will exceed the needed
characteristic strength Xc, at a required probability of 90 or 95%. 

Example

We calculate, as an example, the design strength Xc of concrete which is to conform to the ACI 318
recommendations (United States). These recommendations require (1) that no more than 10% of the test
strength results fall below the specified strength Xc, and (2) that no more than 1 % of the averages of m=3
consecutive tests fall below this strength.

Let us assume that the specified concrete strength is Xc=20.0 MPa and the standard deviation is . The
first condition determines, from Table 9.1, that . The mean design strength required to comply with this
condition is found with Eq. (9.3):

The second condition �  determines that , and  is found with Eq. (9.4):

The required mean strenth  is therefore 22.7 MPa.
It is possible to evaluate here the economic consequences of a quality control. Let us assume, in the same

example, that the standard deviation of the concrete strength, which obviously depends on the effort expended
on the process control, is not 2.0 MPa but 6.0 MPa. The consequent design strength  of the mix, following
the same calculation method, is 28.1 MPa. This may involve an additional 40–50 kg of cement per each m3 of
concrete, or a total quantity in an average prefabrication plant of 1500 tons/yr.
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Other than the strength attributes of the concrete mix, workability, air content and unit weight are defined in
standards in terms of their specified values and maximum permitted deviations from that value.

Quality control

The control procedure of the concrete mix must ascertain that the required quality attributes and tolerances
will be attained in production. The conformance of the concrete mix to standards of various countries is
tested on a sample of two to four specimens prepared from different batches of concrete. The frequency of
testing depends on the reliability of the process and the volume of concrete cast at the mixing center. It
varies in standards between a sample per day (or per 30 m if the volume is greater than that) and a sample
per week (or per 250 m3 of concrete). The sample sizes and the frequency of their taking are specified in the
codes and standards (see references at the end of this chapter). The standards also specify the criteria for
acceptance, which were already discussed in the previous section.

A control chart, whose principle was explained in Section 9.3, is a useful tool for the continuous
monitoring of the production process. First it ascertains that the process is under control, that is, that the test
results with respect to each attribute fall within the control limits. Second, it can indicate if 90 or 95%
(as defined in the standard) of the results exceed the specified characteristic strength Xc.

Similar charts may be prepared for other attributes, which the plant wants to control. If the plant wants to
ascertain that an average of m consecutive tests will not fall below a specified strength at a given confidence
level, it will use a control chart with a moving average (each point will represent an average of m most
recent tests) of m test values. An additional attribute, which should be continuously monitored, also with an
appropriate control chart, is the variation of test results in specimens prepared from the same sample. The
range R of test results is defined as the difference between the maximum specimen strength Xmax and the
minimum strength Xmin; that is, R=Xmax—Xmin. The variation may be caused either by an imprecision in the
preparation, curing, or testing of specimens, or by inhomogeneity of the concrete sample. The permitted
variations are defined in ACI 214 and other sources.

A transgression of the prescribed quality tolerances will require some corrective action with respect to
concrete production or its ingredients. The effectiveness of such action will be enhanced if an indication of
the final 28 day concrete strength can be obtained earlier. Procedures for an early evaluation — after 1–2
days—of the concrete strength are recommended in ACI 214.

Other than the strength attributes of concrete, weight, air content, and consistency can also be monitored
with appropriate control charts, as explained above.

The plant laboratory for concrete testing should be sufficiently equipped to enable all tests necessary to
examine the conformance of the mix to the quality standards outlined before. The recommended equipment
setup is described in the PCI Manuals for Quality Control [9, 10] and in the ACI Manual for Concrete
Inspection[1].

The concrete batching and mixing equipment should conform to appropriate standards for their operation.
Those standards apply to aggregate weighing, cement weighing, water measurement, and admixture
weighing.

The deviations, according to various national standards (e.g., ACI 117 in the United States), should not
exceed 1–3% of the specified weight for cement, aggregates, and water and 3–5% for admixtures.

The scales for weighing ingredients should be periodically load tested (every 3–6 months) with
deviations not exceeding 0.3% of the maximum scale capacity. The load test results should be duly recorded
for each scale.
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9.6
Elements casting

Quality requirements

The quality requirements in elements casting involve an appropriate state of the mold before casting, and an
appropriate casting, compacting, curing, and finishing of concrete.

The appropriate state of the mold includes its cleanliness, adequate spread of retarder, bond breaker, or
other agent if required, fastening of all connections to be secured, and a proper positioning of all items to be
embedded in the element, as required in the design drawing. The positioning of these items in the mold
should conform to tolerances, which are to be explicitly specified for every type of precast element.

The subsequent concreting of elements includes their casting, compacting, curing, and finishing. A
detailed written specification of these activities must be prepared in the plant for each particular production
process employed there. These specifications may be prepared in view of the recommendations included in
the various codes and standards listed at the end of this chapter—such as ACI 304, ACI 308, ACI 309, ACI
517, DIN 1045, and DIN 4235—and in the various reference books to concrete production and control listed
in the references section in this chapter and in Chapter 5. They should also include a description of
inspection procedures for their enforcement.

Quality control

The quality control of the elements’ casting involves an inspection of the mold before casting, of the
concreting process, and of the equipment used for this purpose.

The inspection of a mold before casting is usually performed by the line supervisor for every element to
be cast. The inspection is visual and involves mainly the cleanliness of the mold, fastening of side frames,
location and attachment of anchors, inserts, insulation layer, reinforcement, and a general conformance to
the design. It can be aided by a checklist form to be filled out during the process. It is a good practice that a
certain portion of the molds selected at random, 10–15% of the total, would also be inspected before casting
by the quality control personnel, to monitor the supervisor’s performance in this respect. A programme of
these inspections should be prepared in advance in such a manner that all types of production will be amply
represented. All inspection results should be documented and corrective action, if required in case of
insufficient attention to quality, should be agreed on with plant management and with the department under
control.

Special attention must be given to the control of equipment employed in concreting. It includes mainly
the molds, the vibrators, the heating system for concrete curing, and the prestressing jacks for prestressed
components. The general state of the molds is visually inspected, as noted earlier, by the line personnel before
casting of each element.

For each new element type, or for every 30–50 castings of the same element, the mold should be
thoroughly examined by a quality control inspector. The conformance of the mold to the required
dimensions and tolerances is examined through measurement of the cast element, as explained later.

As for the other types of equipment—vibrators, heaters, jacks—the frequency and procedure of
inspection should be prescribed by their producer in view of their required performance tolerances.

Every inspection of a mold or any other type of equipment must be recorded in a special ledger kept for
this purpose under the general responsibility of the plant quality control unit.
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9.7
Finished elements

The quality requirements with respect to finished elements involve the dimensions of these elements, the
location and state of their visible inserts, and their exterior surface.

Dimension tolerances

The dimension tolerances for finished elements should be specified for every type of precast in the plant.
The knowledge of these tolerances is very important for jointing, assembling of precast elements, and their
interchangeability and connection with other components in the same building.

The recommended tolerances for fabrication of precast elements are given in ACI 117 (United States), BS
8110 (United Kingdom), and DIN 18203 (Germany). They involve the geometry of the elements and the
placement of reinforcement and fixtures in them.

Surface appearance

Shape and exterior surface are often blemished by production or handling defects. Here are some examples
of such blemishes and faults: Cracks

• Fractured edges and corners
• Departures from flat surface—depressions, recesses, holes
• Pockets of exposed aggregate or air voids
• Stains, spots, and smudges
• Reinforcement shadow lines or rust stains
• Areas that differ by their texture or color from an adjacent surface
• Visible repairs
• Discontinuities of surface due to joints, breaks, or deflection of a mold

Visual Checks

• Conformity and uniformity of color
• Conformity and uniformity of surface finish
• Holes
• Stains and other local defects

The measurement methods for the first group use two devices: a 2 m straightedge ruler with a 0.5 mm
dimensional tolerance for measurement of an overall departure from plane or edge, and a 200mm ruler with
a 0.1mm dimensional tolerance for measurement of local departures such as steps or fractures.
The visual check uses as a reference preordered flat samples about 0.5× 1.0m in size.

In general, the surface requirements should be determined in such a way that the tolerated defects will not
impair the functionality of the element (structural, environmental protection, etc.), its coating surface, if
any, and its aesthetic appearance. The permitted tolerances will therefore be affected by the type of element
—structural or nonstructural—its location—interior or exterior—and its final finish—whether the surface will
be exposed, painted, wall papered, plastered, or topped by concrete casting or grouting.
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The following surface defects may have their tolerances defined in such a manner that the compliance
may easily be measured and evaluated:

• Cracks—their width, depth, length, and number per element or unit area.
• Edge and corner fractures—their length, depth, number per edge or per element.
• Surface flatness—depth of departure from a straight line.
• Surface smoothness—diameter, depth of holes or depressions, their number per element or unit area.

The tolerances of these attributes should be defined in a desired level of detail by the client or a quality
assurance system operating on the client’s behalf, depending on the types of element, their functions, and
their locations in the building.

Other blemishes, especially on exposed faces, are defined in terms of their visibility to the naked eye of
an observer. Thus, it is mostly required that various surface blemishes and irregularities will not be visible
at a distance of 10 m for exposed building exterior and at a distance of 3 m for its interior.

Quality control

The conformance of every finished element to the requirements described earlier in this section should
formally be inspected before its shipment to the erection site. The attributes to be controlled can be divided
for this purpose into two groups:

1 Attributes dependent on the performance of the mold in which the element is cast—its general
dimensions and the location of the main visible inserts. These attributes and their tolerances may be
assumed to remain the same if the mold was not changed.

2 Attributes that depend on the production circumstances—materials, work, handling—particular to the
inspected element. Those attributes mainly involve its surface appearance and the general state of
more important inserts, such as, for example, lifting hooks.

The inspection is therefore also performed in two stages. 
The first stage involves all mold-dependent dimensions—length (width), thickness (cross section),

openings, location of inserts, and general appearance of molded surfaces. They are measured with a
precision required to ascertain the required tolerances and with the aid of rulers and templates needed for
this purpose.

Such precise measurement, and evaluation of tolerances, is done for the first produced element after mold
transformation, and in the case of a long series again after each additional 30–50 castings. Every deviation
identified in this process should have an immediate implication with respect to the mold in use, as explained
earlier in Section 9.6.

The second stage involves a visual inspection of each produced element before its storage, with respect to
all surface defects enumerated earlier. The inspection may be aided for examination of border cases by
rulers and other tools. Special care should be given to the inspection of more important inserts — lifting
loops, bolts, anchor plates, and joint grooves.

The identified defects should be repaired, and the ultimate compliance of the element should be attested.
The inspection of finished elements should be performed, before their storage, by quality control

personnel. An additional inspection is performed in some plants before the actual shipment of elements to
an erection site when there is a risk of new defects incurred during storage or the loading process.
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A periodical inspection of the stockyard is required to ascertain that the elements are stored in a proper
manner. They should be positioned and supported in a manner preventing their warping, disfiguration,
cracking, or fracturing, and the storage area should be free of dirt, oil, grease, and various substances that
may adversely affect the element’s surface.

9.8
Erection onsite

Quality requirements

The quality of erection onsite involves the following subjects:

1 Observance of all quality requirements specified for finished elements produced in the plant. It means
that all defects, especially in surface appearance, which were undetected in the plant or caused during
transportation and erection must be repaired before erection so that the element will conform to the
quality requirements explained in Section 9.7.

2 Proper positioning of elements in the building. The erection tolerances should be specified as a part
of the system design. Recommendations for erection tolerances are included in ACI 117 (United
States), BS 5606 (United Kingdom), and DIN 1084.

3 Proper connection and jointing of erected elements to other adjacent elements of structure—
prefabricated, or cast in situ.

The detailed specifications, with regard to structural connections and weather jointing of elements, are an
inherent part of the system design. 

Recommendations for design and execution of weather joints can be found in ACI504 (United States), BS
6093 (United Kingdom), and DIN 7865 (Germany).

Quality control

The quality control in erection involves the following activities:

1 Inspection of elements shipped from the plant for their compliance with production requirements.
2 Inspection of the erection tolerance of a positioned panel with an appropriate jig or template before

the final fixing to the existing structure.
3 Testing or inspection of quality certificates for the various erection materials—concrete, steel, joints

sealants—in the same manner as performed for materials in the plant.
4 Inspection of connections and joints before their filling with concrete or grout.
5 Inspection of exterior surface of the building, especially the quality of finish and the weather joints

between elements.

The quality control activities, as outlined above, may be performed by an erection supervisor or other
person especially nominated and trained for this purpose. The inspection for each floor or a comparable
building segment should preferably follow a checklist of all required activities and be appropriately
documented.
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9.9
Quality management

The preceding sections focused on various aspects of quality control when applied to production of
prefabricated elements. A more comprehensive attitude, which is increasingly applied in production and
services, concerns all aspects of a company’s activities which may have a bearing on quality. Quality
Management viewed with this approach includes establishment of long-range quality policy within the
company and its subsequent implementation. On an operational level it includes preparation of specific
quality plans and employment of quality control for their realization within an effective quality system.

The Quality System is established after identification of all activities within the company which are
related to quality. It includes: determining where authority and responsibility for quality lie, processes and
procedures for quality control, and the resources, manpower, and equipment for their implementation.

The concepts of Quality Management and Quality Systems are explained in ISO 9000 and 9004 and in
other references given at the end of this chapter. A detailed guide for their implementation is included in
ISO 9000, 9001, and 9003 with reference to the following activities:

• Market studies and marketing of the product.
• Design and development. 
• Procurement of materials, components, and services.
• Production.
• Examination of the product and process in light of the design.
• Corrective action where needed.
• Handling, packaging, and storage.
• Sale and distribution.
• Installation.
• Maintenance, servicing, and technological support.
• Documentation and information processing.

Another group of international standards, ISO 10011, 10012 and 10013, deals with auditing of quality
standards, the measurement of equipment, and the quality manuals, respectively.

The concept of Total Quality Management [5, 7] implies the total devotion of all levels of a company to
quality. In particular it stresses the following principles:

• Focus on the total process—not only on the final product. Thus the quality of a building is affected by
the quality of design, quality of construction planning, quality of materials, quality of processes onsite,
quality of management, and quality of the general contract administration.

• Focus on customers—defining their needs and ensuring satisfactory results. A customer under this
definition may also be another unit within the organization which is served, or one that receives an
intermediate product from the unit under consideration.

• Continuous management of quality at all levels and at all stages of the production process.
• Continuous improvement of service and product by all organization units.
• Complete involvement of management in the quality improvement process.
• A long-range strategy for the improvement of quality.
• Development of human resources at all levels to ensure better performance.
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9.10
Summary and conclusions

The purpose of quality control in a prefabrication plant is to ensure that the precast elements produced there
will conform to specified quality requirements. The requirements are specified in terms of physical
attributes of the components and their permitted tolerances. They are determined in view of the benefits of a
better quality to user, and the additional costs needed to attain it.

The quality control system in a prefabrication plant includes quality specifications, quality control
procedures, and quality inspection personnel. The quality specifications define the desired physical
properties of the produced elements and the methods to attain them. The control procedures must ensure the
conformance of elements to their specifications. The responsibility for the quality of the product belongs to
production workers, line management, and quality control personnel. The latter are responsible for the
preparation of quality specifications and control procedures, training of personnel in their applications, and
direct inspection of key production activities.

The quality control should be exercised with respect to the materials used, concrete production, elements
casting, state of finished elements, their storage and transportation, and erection onsite.

The quality requirements for materials such as aggregates, cement, steel, and admixtures are usually
defined in accepted national standards. The compliance to standards is usually tested at the supply source,
but appropriate certificates to this effect should be inspected upon their receipt in the plant.

The requirements for concrete quality involve mostly its compression strength, workability, durability,
and unit weight. The recommended mixes, production methods, and testing procedures are included in
various national standards and codes of practice. Their control may be aided by statistical procedures and
graphical charts. The performance of batching equipment for concrete should also be periodically inspected.

The quality requirements, with respect to casting, involve the general state of the mold, its preparation for
casting, the concrete placing, compacting and finishing methods, and the equipment employed in this
process.

The finished elements must be inspected for their dimensions (in view of permitted tolerances), state of
inserts, and their surface appearance. Each element, before its dispatching to storage, should be inspected by
a quality control officer, who will determine whether it conforms to the stated requirements or needs
repairs. The state of storage facilities should be also monitored by the quality control personnel.

The quality requirements, with respect to erection onsite, involve the state of erected elements (which
could have been damaged during the transportation or erection activities), their proper positioning on the
structure, in view of the permitted tolerances, and their proper connecting and jointing. The quality control
of the erection process may be aided by a checklist of activities, which must be performed by a responsible
individual for every segment of a building.

All the quality requirements, with respect to the various items enumerated above—materials, concrete
production, elements casting, finished elements, storage, and erection—should be formally defined in the
plant, together with their control methods. All quality activities required in these specifications should be
amply documented when executed.

Assignments

9.1 Prepare a checklist of all items that should be inspected within the production process of floor slabs
and exterior walls for the building in assignment 2.1 of Chapter 2. Indicate the specific quality
requirements for each item.
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9.2 On the basis of the list compiled for assignment 9.1 above, prepare two quality control forms—one for
the inspection of elements during the production process and the other for the inspection of finished
elements. Determine who should be responsible for the performance of inspection tasks in each
form. 

9.3 Prepare a quality control form for the production process of hollow core slabs or Tee beams required
for the building in assignment 2.3 of Chapter 2.

9.4 Prepare a checklist of items and a quality control form for the erection process of elements required
for the building described in assignment 2.1 of Chapter 2.

9.5 Evaluate, based on the prevailing codes in your country/region, the economic saving due to a better
concrete production control in the plant, described in assignment 6.2 of Chapter 6. The control is
expected to reduce the standard deviation in the strength of concrete specimens from 20 to 5 % of the
average concrete strength. Assuming that the improvement could be obtained by a more careful
inspection process, how many additional hours of labor per week would be economically justified to
be designated for this purpose? If the improvement could be obtained by the employment of better
batching equipment, how much extra investment would be justified in this equipment? Use, for this
calculation, the present worth formulas (presented in Chapter 10), assuming an interest rate of 10%
per year and the equipment economic life of 10 years.

9.6 Review ISO 9001. Discuss its various stipulations when applied to prefabrication of elements and
their erection onsite.

9.7 Review the various principles of Total Quality Management and their possible application to
prefabrication plant.
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Standards

ACI (American Concrete Institute), United States

ACI 116R, Cement and Concrete Terminology.
ACI 117, Standard Tolerances for Concrete Construction and Materials.
ACI 201.2R, Guide to Durable Concrete.
ACI 211.1, Standard Practice for Selecting Proportions for Normal, Heavyweight and Mass Concrete.
ACI 211.2, Standard Practice for Selecting Proportions for Structural Lightweight Concrete.
ACI 211.3, Standard Practice for Selecting Proportions for No Slump Concrete (revised).
ACI 212.3, Chemical Admixtures for Concrete.
ACI 213.R, Guide for Structural Lightweight Aggregate Concrete, 1984.
ACI 214, Recommended Practice for Evaluation of Strength Test Results of Concrete, (reaffirmed).
ACI 214.IR, Use of Accelerated Strength Testing.
ACI 221.R, Guide for Use of Normal Weight Aggregates in Concrete.
ACI 301, Specifications for Structural Concrete for Buildings.
ACI 302.1R, Guide for Concrete Floor and Slab Construction.
ACI 303R, Guide to Cast in Place Architectural Concrete Practice.
ACI 304, Guide for Measuring, Mixing, Transporting and Placing Concrete.
ACI 304.5R, Batching, Mixing and Job Control of Lightweight Concrete.
ACI 305.R, Hot Weather Concreting.
ACI 306.R, Cold Weather Concreting.
ACI 308, Standard Practice for Curing Concrete.
ACI 309, Guide for Consolidation of Concrete.
ACI 318, Building Code Requirements for Reinforcement Concrete.
ACI 439.2R, Steel Reinforcement Properties and Availability.
ACI 503R, Use of Epoxy Compounds with Concrete.
ACI 504R, Guide to Sealing in Concrete Structures.
ACI 517.2R, Accelerated Curing of Concrete at Atmospheric Pressure—State of the Art.
ACI 523.2R, Guide for Low Density Precast Concrete Floor, Roof, and Wall Units.

ASTM (American Society for Testing Materials), United States

A 36 Specification for Structural Steel.
A 82 Specification for Steel Wire, Plain, for Concrete Reinforcement.
A 184 Specification for Fabricated Deformed Steel Bar Mats for Concrete Reinforcement.
A 185 Specification for Steel Welded Wire, Fabric, Plain for Concrete Reinforcement.
A 416 Steel Strand Uncoated Seven-Wire for Prestressed Concrete.
A 421 Specification for Uncoated Stress-Relieved Wire for Prestressed Concrete.
A 496 Specification for Steel Wire, Deformed, for Concrete Reinforcement.
A 497 Specification for Welded Deformed Steel Wire Fabric for Concrete Reinforcement.
A 615 Specification for Deformed and Plain Billet-Steel Bars for Concrete Reinforcement.
A 616 Specification for Rail-Steel Deformed and Plain Bars for Concrete Reinforcement.
A 617 Specification for Axle-Steel Deformed and Plain Bars for Concrete Reinforcement.
A 706 Specification for Low Alloy Steel Deformed Bars for Concrete Reinforcement.
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A 722 Specification for Uncoated High-Strength Steel Bar for Prestressing Concrete.
A 779 Steel Strand, Seven Wire, Uncoated, Compacted, Stress Relieved for Prestressed Concrete.
C 31 Methods of Making and Curing Concrete Test Specimens in the Field.
C 33 Specification for Concrete Aggregates.
C 39 Test Method for Compressive Strength of Cylindrical Concrete Specimens. 
C 40 Test Method for Organic Impurities in Fine Aggregates for Concrete.
C 88 Test Method for Soundness of Aggregates by Use of Sodium Sulfate or Magnesium Sulfate.
C 94 Specification for Ready-Mixed Concrete.
C 150 Specification for Portland Cement
C 260 Specification for Air-Entraining Admixtures for Concrete.
C 330 Specification for Lightweight Aggregates for Structural Concrete.
C 494 Specification for Chemical Admixtures for Concrete.
C 1193 Guide for use of Joint Sealants
E 122 Recommended Practice for Choice of Sample Size to Estimate the Average Quality of a Lot or

Process.
E 541 Criteria for Agencies Engaged in System Analysis and Compliance Assurance for Manufactured

Building.
E 651 Evaluating Capabilities of Agencies Involved in System Analysis and Compliance Assurance for

Manufactured Building.

BS (British Standards), United Kingdom

BS 12 Specification for Ordinary and Rapid Hardening Portland Cement.
BS 882 Specification for Aggregates from Natural Sources for Concrete.
BS 1014 Specification for Pigments for Portland Cement and Portland Cement Products.
BS 1047 Specification for Air Cooled Blast Furnace Slag Aggregate for Use in Construction.
BS 1370 Specification for Low Heat Portland Cement.
BS 1881 1986 Testing Concrete.
BS 3797 Specification for Lightweight Aggregates for Concrete.
BS 4449 Specification for Hot Rolled Steel Bars for the Reinforcement of Concrete.
BS 4461 Specification for Cold Worked Steel Bars for the Reinforcement of Concrete.
BS 4482 Specification for Cold Reduced Steel Wire for the Reinforcement of Concrete.
BS 4483 Specification for Steel Fabric for the Reinforcement of Concrete.
BS 4486 Specification for Hot Rolled and Hot Rolled and Processed High Tensile Alloy Steel Bars for

the Prestressing of Concrete.
BS 4550 Methods of Testing Cement.
BS 5075 Concrete Admixtures
BS 5328 Concrete.
BS 5606 Guide to Accuracy in Building.
BS 5896 Specification for High Tensile Steel Wire and Strand for the Prestressing of Concrete.
BS 6093 Code of Practice for Design of Joints and Jointing in Building Construction.
BS 6213 Guide to Selection of Constructional Sealants.
BS 6588 Specification for Portland Pulverized-Fuel Ash Cement.
BS 8110 Structural Use of Concrete.
BS 7850 Total Quality Management
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DIN (Deutsches Institut für Normung), German Federal Republic

DIN 488 Reinforcing Steel (6 parts)
DIN 1045 Structural Use of Concrete: Design and Construction.
DIN 1048 Test Methods for Concrete (4 parts).
DIN 1084 Control (Quality Control) of Concrete and Reinforced Concrete Structures (3 parts).
DIN 1164 Portland, Iron Portland, Blast Furnace and Trass Cement (8 parts).
DIN 4219 Lightweight Concrete and Reinforced Lightweight Concrete of Dense Structure. 
DIN 4226 Aggregates for Concrete (4 parts).
DIN 4227 Prestressed Concrete (6 parts).
DIN 4235 Compacting of Concrete by Vibrating (5 parts).
DIN 7865 Elastomeric Joint Sealing Strip for Sealing Joints in Concrete (2 parts).
DIN 18200 Quality Control of Construction Materials, Construction Components, Construction Designs.
DIN 18203 Tolerances in Building (Precast Concrete, Reinforced Concrete and Prestressed Concrete

Components).
DIN 18541 Gaskets of Thermoplastomers for Sealing of Joints in Concrete; Concepts, Designation

Requirements, Testing.

ISO (International Organization for Standardization)

ISO 1803 Building Constructions—Tolerances—Vocabulary (2 parts).
ISO 2444 Joints in Building—Vocabulary.
ISO 2445 Joints in Building—Fundamental Principles for Design.
ISO 3443 Tolerances for Building (6 parts).
ISO 3447 Joints in Building—General Check-list of Joint Functions.
ISO 4463 Measurement Methods for Building—Setting Out and Measurement—Permissible Measuring

Deviations.
ISO 4464 Tolerances for Building—Relationship Between the Different Types of Deviations and

Tolerances Used for Specification.
ISO 7727 Joints in Building—Principles for Jointing of Building Components—Accommodation of

Dimensional Deviations During Construction.
ISO 7728 Typical Horizontal Joints Between an External Wall of Prefabricated Ordinary Concrete

Components and a Concrete Floor—Properties, Characteristics and Classification Criteria.
ISO 7729 Typical Vertical Joints Between Two Prefabricated Ordinary Concrete External Wall

Components—Properties, Characteristics and Classification Criteria.
ISO 7737 Tolerances for Building—Presentation of Dimensional Accuracy Data.
ISO 7844 Grooved Vertical Joints with Connecting Bars and Concrete Infill Between Large Reinforced

Concrete Panels—Laboratory Mechanical Tests—Effect of Tangential Loading.
ISO 9000 Quality Management and Quality Assurance Standards.
ISO 9001 Quality Systems—Model for Quality Assurance in Design, Development, Production,

Installation and Servicing.
ISO 9003 Quality Systems—Model for Quality Assurance in Final Inspection and Test.
ISO 9004 Quality Management and Quality Systems Elements.
ISO 10005 Quality Management—Guidelines for Quality Plans.
ISO 10011 Guidelines for Auditing Quality Systems.
ISO 10013 Guidelines for Developing Quality Manuals. 
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Chapter 10
Economic Aspects of Industrialization

10.1
Introduction

Probably the most important consideration with respect to an introduction of industrialized building
methods is their economic performance when compared with the conventional alternatives.

The result of such comparison depends on many factors—the cost of basic production inputs such as labor
and materials, the rate of interest on investment, the level of demand for building construction and its
stability, the nature of a project to be constructed, its distance from the prefabrication plant, and others. An
efficient use of industrialization depends, to a large extent, on a good understanding of the economic
implications of these factors. The economic analysis can guide the planner or the developer in selection of
the most appropriate method for the building activity. It assists the producer in adaptation of his method to
the existing and anticipated nature of demand in his vicinity.

The following sections start with a general explanation of cost and benefit concepts related to any type of
economic activity. These concepts are then examined in the special context of building industrialization. A
general methodology for comparison of building systems, with different degrees of industrialization, is then
presented.

10.2
Basic economic concepts

The purpose of an economic analysis in engineering is to select the best one from the various available
alternatives of the design, the construction, and the operation of an engineering project, or from the
alternatives of its composing activities. The criteria for selection are the economic costs associated with the
alternative and the economic benefits derived from it. Proper identification and evaluation of these costs and
benefits are therefore essential to the analysis. 

Costs

Costs, in the context discussed here, are all expenses and economic sacrifices associated with the analyzed
project or activity.

As noted before, the effectiveness of the analysis depends on identification of all costs that may affect the
outcome. Some of these costs are explicit, that is, associated with an actual expenditure of resources, for
example, labor and materials. Other implicit or opportunity costs are associated with a sacrifice of an



opportunity to receive income or to realize some other economic benefits. For example, use of one’s own
capital for investment financing does not involve actual payment of interest; however, it precludes an
earning of interest from investing the capital elsewhere and, as such, it involves an economic cost.

Costs, explicit or implicit, are not always relevant to our economic analysis. Resources that were already
committed are considered a sunk cost to the extent that they do not affect future courses of action. An
example of a sunk cost is the price that was paid for a certain piece of equipment yesterday. Other than for
taxation purposes (because its depreciation is a tax deductible expense), the price is irrelevant to a decision
of whether, and for what price, to sell it today. The relevant factors are the costs (and benefits) associated
with present alternatives— replacement or continuous operation in the future. A distinction between
relevant and irrelevant cost items is therefore very important in the economic analysis.

Another important distinction has to do with present versus future costs. The first are incurred now (or at
any stated reference date) usually in procurement, production, or construction. The other may be incurred
continuously over time—in maintenance, operation, and insurance. They may also be incurred as single
future expenditures, such as replacement, expansion, or upgrading of operational capacity. In order to make
costs incurred at different times compatible, appropriate equivalence formulas can be used.

The derivation of these formulas and their applications are extensively discussed in Refs. [1, 6, 7] and
other sources. The most important formulas are briefly reviewed here, using the same notation as in Ref. [7].

A future payment S may be discounted to its equivalent present value by the use of the following
formula:

(10.1)

where S=future expense incurred n years from now
p=its present worth
i=the annual interest rate on investment
n=the discounting period (years)

 
every handbook of engineering or managerial economics, such as [1, 6, 7]. The value of these operators

can also be easily obtained using an electronic “financial” calculator.

Example

The present value P of an expenditure S=$1000 incurred at the end of n=3 years from now with an annual
interest rate of i=6% is

Formula (10.1) assumes annual compounding of interest. It can be used in the same form for any type of
periodic (quarterly, monthly, etc.) compounding, with n=the number of periods and i=the interest rate per
period.
In a similar manner, it is possible to discount a series of n annual (or periodic) payments R to the present
with an annual (or periodic) interest rate i:

(10.2)

where rp(i, n) is an operator that can also be obtained from interest tables or an electronic calculator.
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Formula (10.2) assumes that payments are incurred at the end of each year (or period).

Example

The present worth P of annual expenses R=$8000 over a period of n=10 years, with an interest rate of i=8 %
per year, can be found from

Other formulas can be used to obtain future worth S, n years from now, equivalent to a single payment P
now.

(10.3)
or equivalent to n annual (or periodic) payments R:

(10.4)

It is also possible to obtain a series of equal payments R over a period of n years (periods) equivalent to a
single payment P now, or a future payment S made n years from now with these formulas:

(10.5)

(10.6)

Formulas (10.4), (10.5), and (10.6) assume, like the formula (10.2), that the payments R are incurred at the
end of their respective periods.
Formula (10.5) is particularly useful in the calculation of an annual equivalent cost of an equipment
purchased now for a price P and used over a period of n years without a salvage value. Given a salvage
value of L at the end of n years, the equivalent annual cost of equipment can be found from

(10.7)

Example

We calculate the equivalent annual cost R of equipment that is purchased now for P= $10,000 and will be
used for n=4 years. Its salvage value at the end of this period is estimated at L=$4000. The interest i=10%. We
then have

These formulas form a basis for comparison of technological alternatives, distinguished from each other by
their life-cycle costs (costs incurred over their whole useful life), as included, for example, in the U.S.
standards ASTM E1074 and ASTM E917 [10, 11].
Costs may also be classified in different manners to facilitate their analysis for various managerial decisions.
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For the purpose of estimating, the control costs are classified (as in Chapter 8) into direct and indirect.
Direct costs—for example, labor and materials — are directly related to specific production orders. Indirect
costs or overhead, for example, supervision and office expenses, cannot be related to specific orders and
must be allocated to them in some consistent manner in order to be reflected in the price quoted to the
buyer.

For the purpose of cost-volume analysis, costs are usually classified into fixed and variable. Fixed costs
are associated with fixed resources in the plant or its department such as machines, buildings, and
managerial staff; fixed resources and their costs do not change with the volume of output which they
handle. On the other hand, variable costs, such as direct labor, materials, power, and fuel, vary: they
increase or decrease with the volume of output. The cost-volume analysis, based on this classification,
assists in the determination of breakeven and optimal production volumes in various manufacturing
processes.

Benefits

Benefits are defined here as economic gains from employment of an engineering project or its production/
construction method. The benefits can be classified into the following main groups: 

1 Money receipts from operation of the project, for example, rent from an office building or toll
collected on a bridge.

2 Saving of costs due to employment of a project or a method, for example, saving in heating energy
due to better insulation and saving in labor with industrialization. Such savings, just as direct money
receipts, can readily be assessed in economic terms.

3 Various advantages to user measurable in noneconomic terms. Examples of such advantages are
creation of additional useful space in a building (measured through floor area), shorter construction
duration (measured through its time), or higher flexibility to changes (measured through the cost of
changes).

These advantages cannot be assessed directly in economic terms as readily as the former two types
of benefits. They can be evaluated, however, indirectly, through their economic contribution to the
particular user. Thus, for example, the extra space offered in a building can be assessed through its
market price, the receipts from its rental, or other use. Higher flexibility of the building design may be
assessed through a potential reduction in future anticipated changes, such as movement of partitions or
adaptation of lighting. Shorter construction duration may be valuated as interest saved from reduction
of investment duration in “idle” resources—that is, resources that cannot be put to use before the
project completion (this subject is elaborated on in Section 10.3).

4 Intangible benefits to user which cannot be measured on any objective (even if noneconomic) scale.
Examples of such benefits are nicer aesthetic appearance and more convenience in use.

Obviously, the intangible benefits are the most difficult to evaluate of all the above-listed classes. Their
bearing, however, may often affect the selection of a particular project or alternative.

The economic value of an intangible benefit can be evaluated through the price a particular user is
willing to pay for it. A general assessment of such value of the benefit (e.g., a special ornamental type of
exterior finish in building) to a large group of anonymous potential users must be based accordingly on a
survey whose results would represent, as close as possible, the preference of this particular group.
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Another assessment method, useful when intangible benefits must be compared in competing projects or
building systems, is through assignment of grades to their performance.

Grades (e.g., on a scale between 1 and 10) are either related to some predetermined values or assigned to
each alternative by a panel of experts.

The grading method is often employed when design or construction alternatives are considered which
differ from each other in several intangible attributes of a functional, aesthetic, or organizational nature.
Each attribute i is then assigned a weight wi that reflects its relative importance with respect to others. The
performance of each competing alternative j with respect to the particular attribute i is judged by a panel of
experts (or users) and given a grade pij. The total value of each alternative j may be calculated as a weighted
average Vj of the grades obtained for all attributes from 

(10.8)

Example

Two designs A and B, with the same cost, are to be compared on the basis of two attributes—functional
efficiency and aesthetics. Their relative weight to the user was determined as w1=0.7 and w2=0.3, respectively.
A panel of experts awarded to design A grade p1A=5 (for efficiency) out of 10, and P2A=9 (for aesthetics). The
same panel awarded to design B grades P1B=8 and P2B=6, respectively. The value of A with Eq. (10.8) will be

and the value of B will be

Based on these evaluation criteria, design B seems more attractive than design A.

A comprehensive evaluation method of building systems, based on this approach, is described in Ref. [4].
The method lists 178 different attributes which serve as criteria for comparison of competing systems. Each
of these criteria is assigned an appropriate weight by the assessor, and a system is graded for each criterion
on a selected scale. The total overall effectiveness of the system is then evaluated as explained before.
When expressed in economic terms, the benefits should be treated very much in the same manner as costs;
that is, a distinction should be made between relevant and irrelevant benefits, opportunity benefits should
be identified and taken into account, and future benefits should be discounted to their present worth.

10.3
Benefits of industrialized building

The cost assessment of industrialized components and systems was explained in Chapter 8. The evaluation
of their benefits to users will be discussed in this section.

The main benefits of industrialization in building are as follows:

1 Saving in construction labor onsite.
2 Shortening of construction time.
3 Better quality of building components.

ECONOMIC ASPECTS OF INDUSTRIALIZATION 237



Each of these benefits has some economic implications to the builder, to the building user, or to both of
them. They are now discussed in detail. 

Saving in construction labor

Saving in construction labor onsite results from the transfer of building work to the prefabrication plant.
These savings can be specifically identified with reference to a particular conventional method. For
example, when compared with a conventional building method using cast in situ concrete skeleton, concrete
blocks masonry for partitions and exterior walls, and plaster/stucco finish on the inside and the outside of
the building, they are usually associated with the following works:

1 Formwork for main structural elements—slabs, beams, and columns—is eliminated because they are
prefabricated in the plant.

2 Their reinforcement is done in the plant.
3 Their casting is done in the plant.
4 Exterior finish is prefabricated in the plant with wall elements.
5 Interior finish work is largely reduced since the smooth surface of walls and slab bottoms enables 2–

3mm of plaster instead of the customary 10–15mm with an onsite masonry.
6 Electrical work is largely reduced because conduits are placed in the walls and slabs before their

casting in the plant.
7 Plumbing can be largely reduced by use of sanitary units or panels with most work prefabricated.
8 Door and window frames can be placed in the walls before their casting. Alternatively, they can be

prefabricated, painted attached with minimum adjustment work onsite.

On the other hand, prefabrication requires additional labor inputs in the erection, connection, and jointing of
precast elements. Extra 1abor is also needed for their fabrication in the plant.

The labor savings, in prefabricated elements, may amount to about 80% of their conventional
requirement (as described before), or to 40–60% of the total labor onsite—including substructure and finish
works. The total saving in labor may be further increased by extending prefabrication to footings, garde
beams, and cellars which are still, in most cases, constructed with conventional methods.

The economic value of labor saving, due to prefabrication, depends on the total labor input saved in this
manner and on the prevailing cost of labor. The total saving also depends on the wage difference between work
done onsite and in the plant. The work in the plant is usually performed under better conditions and requires
less skills, and is therefore remunerated with lower wages.

The economic saving depends very much on the weather and other conditions on the building site and the
availability of skilled labor in its vicinity. Harsh working conditions and scarcity of skilled labor obviously
accentuate the advantage of prefabrication.

Saving in construction time

The use of prefabricated assemblies obviously reduces the construction time. The saving is easiest to
evaluate in modular projects composed of a large number of repetitive units—dwellings, offices, hotel rooms
—with the same content of works. The modular nature of such a project allows the organization of its
construction very much in the same manner as it is done in manufacturing of standard product units in a
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factory. For this purpose, the construction process is perceived as a continuous flow of building teams for
the variuos works to be done in the building through the modular “product units.”

The total construction time of a modular project depends on the following factors:

1 The size of the project in terms of the number of its repetitive modular units.
2 The construction method, that is, the sequence of consecutive (critical) activities necessary to

complete a modular unit. Each activity is executed by a separate work team, which has the same work
content in each unit.

3 The construction pace of each work team, that is, the amount of time it takes it to complete the work
in one modular unit. The most efficient work organization will be attained if the work time of every
team in a unit is the same, that is, their rate of progress is uniform. This requires an appropriate
composition of the work teams, reflecting the amount of work each of them has to do in a unit.

4 The extra time needed for the nonmodular parts of the project. It includes the time before the start of
work on the first modular unit—site preparation and substructure—and the finish works remaining
after the end of the work on the last unit.

Assuming, for simplicity, a uniform rate of progress of all work teams, as explained above, the total project
work duration T can be calculated from

(10.9)
where To=the extra time before start (e.g., site preparation, foundations work) and after end (e.g., connection
of water, electricity) of work on modular units

m=number of critical activities (work teams)
n=number of modular units in the project
k=the uniform construction pace—the number of work days of a team per unit
The assumptions of a uniform pace and uninterrupted work flow, on which Eq. (10.9) is based, may

oversimplify the actual situation in most construction sites. Project duration analysis, under similar
assumptions but various organizational and technological constraints, is shown in Refs. [2, 5] and other
sources. Still, the simple model shown here may serve as an explanatory device with which the influence of
some key technological parameters on the project duration can be evaluated.

The difference between conventional* and industrialized construction  methods is reflected in m (number
of activities), k (progress pace), and To (extra time) parameters.

Since a large portion of work, as explained before, is done in the plant, the number of activities m to be
performed on a modular unit can be considerably reduced. In a housing project the number of such activities
can be reduced from 13–15 using conventional method to 8–10 using prefabrication.

Because the content of several “critical,” that is, most work consuming, activities (e.g., skeleton
formwork, wall finish) is very much reduced with prefabrication, the uniform pace of progress can also be
increased. The number of days k necessary for a critical work team, with a conventional method, to
complete an apartment floor segment of 300–400m2 (four dwelling units) is 4–6 working days. The number
of days k needed with a prefabricated method for the same unit can be reduced to 2–3 days.

The work duration To in nonmodular parts can also be shortened by using precast elements for footings,
grade beams, and cellar walls.

* Using cast in situ concrete structure, brick or block exterior walls and partitions, and interior and exterior plaster
finish. 
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Example

To evaluate the effect of these differences on a project time duration, we shall choose, as an example, a
project comprising 4 buildings with 10 residential stories each. Let us select a story as a modular unit, that is,
n=40 units, and assume, for the conventional method, the number of work teams m=15 and the number of work
days per team per unit k=4. Let us also assume m=10 teams and k=2 days for the industrialized method, and
To=60 days as extra time for both methods. The total construction time can then be calculated with Eq. (10.9):

and

which means a saving of about 40% of the construction time.

Value of construction time saving

The construction time saved due to industrialization has an economic value both to the contractor and the
owner.

The value of shorter construction time to the owner depends on his intended use of the project after
completion. If his benefits from the project can be quantified in terms of money, then the extra value � V of
time saved � T, obtained by cutting construction time from the originally planned T to T–� T, can be
calculated from

(10.10)

Example

The total cost of resources required to erect an industrial building is C=$300,000. It is assumed that the building,
after its completion, can be rented at a net revenue R=$30,000 per year over a period of 20 years without
salvage value. The estimated construction time is 3 years, and the discount rate i=5% per year. It is required to
calculate the value to the owner of reducing the construction time from 3 to 2 years.

To facilitate the calculation, it is assumed that the construction cost of $300,000 is the same in both cases
and is evenly distributed over the construction period of 2 or 3 years. It is also assumed, for simplicity, that
both the costs and the benefits are realized at the end of each year. With a construction time of T=3 years, the
present value of costs is (see Section 10.2 for an explanation of compound interest factors)
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and of revenues is

With a construction time of T=2 years, the respective values of costs and revenues are

and the saving � V with Eq. (10.10) is

The calculation of the benefits R from a completed project is straightforward in the case of commercial
projects, such as office or residential buildings for rental. It is more involved in the case of public or service
projects, such as schools and hospitals, where the benefits from a completed project operation cannot be
assessed in economic terms. In such cases, it is always possible to assume that the benefits from project
operation (with the planned time T) are at least equal to the foregone benefits (the interest on the investment
at its realization).
Based on this assumption the value to the owner of a faster project completion may then be assessed with
Eq. (10.11), as explained in Ref. [7]: 

(10.11)

Example

With i=1% per month, the saving of one month in a project with a construction time of 12 months and a
uniform distribution of costs, calculated with Eq. (10.11), has a value to the owner of:

i.e. at least 0.45% of the total project cost.

The value to the contractor of time saved may be calculated in the same manner as for the owner—through
the present worth of his profits. The value of the time saving will be smaller if the payments to the
contractor closely follow his expenses for different works in the project and will be higher if they are paid
at a later stage.
It was assumed in the examples that the total cost of resources remains the same and is divided—in the case
of time saving—over a shorter time period of construction. It neglects the fact that some project costs are
time dependent and increase with the construction time. This is especially true for the contractor, where
indirect costs such as supervision, other types of indirect labor, major equipment on site and insurance,
which may amount to 0.01–0.03 of the total project cost, vary proportionally with construction time. This is
also true for the owner in large projects, where he keeps on site his own supervision or inspection staff.
Assuming that the time dependent cost amounts to 2 fraction g of the total project cost C, the cost saving � C
due to this factor, with time reduction � T, can be approximately calculated from:
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(10.12)

Example

For a project of a planned duration T=12 months, i=0.0 (1%) per month and g=0.02, a reduction of 1 month
in its duration will save � C=0.0015C (0.15% of the project cost per month).

Value of quality of building components

It may be expected that the quality of building components prefabricated in the plant will be superior to the
quality of the same components built onsite. This is due to the following reasons: 

1 Prefabrication in the plant enables use of more accurate and dependable equipment and facilities.
2 Quality control in the plant is usually more elaborate and better organized.
3 Large volume of production (when compared to a single construction site) enables more careful

choice of materials and their suppliers.
4 Every component is designed in view of the particular technology and knowhow employed by the

plant.

The economic value of quality may be perceived through the following attributes:

1 Lower maintenance expenses. It is conceivable that a component produced with better materials,
precision, and inspection will also perform better with respect to wear and tear, and consequently
require less repairs and preventive maintenance. The economic value of this attribute is self-evident;
however, the cost data about maintenance of prefabricated versus built onsite building components
under similar usage conditions are not available to the extent that will allow for the formulation of
general, quantitative conclusions. It may be hoped that with growing application of life-cycle costing
(see Ref. [11] for a formal exposition of the life cycle costing methodology) in design and budgeting,
the collection and interpretation of such data will make the economic contribution of prefabrication
quality easier to assess.

2 Longer economic service life of components. It may be expected that components of a higher quality
will serve longer before having to be replaced. Here, too, there are not enough data for quantitative
conclusions, for the same reasons, as explained above.

3 Less frequent functional and aesthetic defects, such as cracks, spots, or blemishes, which usually do
not justify immediate repair or replacement but cause inconvenience and displeasure to users. The
value of this attribute may be measured only in subjective terms—through willingness of users to pay
for their elimination or reduction. The fact remains, however, that this factor weighs heavily in
considerations by users and designers, sometimes even more so than other economically quantifiable
effects.

4 Lower safety coefficients in structural elements due to higher production precision and dependability.
Higher dependability results in lower formal safety coefficients, as required by various codes and
standards, and therefore in lower material requirements to attain a specific strength. And vice versa,
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lower dependability results not only in higher formal material requirements but also in an informal
tendency to “overdesign” in view of uncertainty with respect to materials or components’
performance. Some quantitative implications of this aspect have been discussed in Chapter 9.

5 Lower input of finish works, such as plaster, screed, sand, mortar, and stucco, due to tighter
tolerances in the execution of wall surfaces and the top and bottom surfaces of floor slabs.

As noted before, due to a lack of sufficient data, it is difficult to assess, in quantitative terms, the effects of a
better quality of prefabricated elements. The total maintenance expense in residential buildings is estimated
at about 1% of the initial investment per year. In public buildings it is somewhat higher. If only 10–20% of
this expense could be saved due to a higher quality of prefabricated elements, the discounted present worth
of these savings (at regular discount rate of 10% per year) over the building life cycle would amount to
about 1–2% of the total building cost.

10.4
Limitations of industrialized building

The important benefits of industralized building methods were examined in the previous section. However,
while planning their employment it is also necessary to consider their limitations.

One limitation of prefabricated systems with respect to conventional methods is the higher sensitivity of
their cost to various exogenous factors, which are usually not under the control of their producers. These
factors involve the general volume of demand, its diversity, and the distance between the plant and the
construction site. They are now explored.

Another limitation of prefabrication consists of some constraints that it may impose on the design and use
of buildings. This is also examined.

Sensitivity to the nature of demand

The cost of elements is particularly sensitive to the volume of demand, that is, the output of elements
(measured by any aggregate unit, for example m3 of concrete cast) ordered and produced per year, and the
stability of this demand. A certain setup of resources—equipment, facilities, and indirect labor—is always
needed in the plant and cannot be reduced even if its production falls considerably below an initially
planned capacity. These resources involve an amount of fixed (i.e., output-independent) expenses CF, as
shown in Fig. 10.1(a). The fixed or output-independent expenses may amount in an average prefabrication
plant, working near its full capacity, to about 25–30% of the total production cost. The share of fixed cost will
be higher in permanent plants with a high degree of mechanization and a large technical and engineering staff.
It will be lower in field plants with inexpensive equipment and high dependence on outside assistance for
mechanical, engineering, and other technical services.

The production costs per period, in a given plant, vary with output, as shown schematically in
Fig. 10.1(a). They start at a level associated with fixed resources, as explained earlier, and then rise with
output at an approximately constant rate. After the production exceeds certain level, the costs rise at an
accelerating rate due to “overuse” of resources—for example a need for overtime work at a higher pay rate,
shortage of space, and extra costs of various ad hoc installations. This variation, in total costs, is also
reflected in the cost per unit of output as shown on Fig. 10.1(b). The marginal cost CM (i.e., the cost per
each extra unit produced), which was approximately constant until that level, will now start climbing. It will
also affect the average cost CA (i.e., the total production cost divided by the number of units produced x).
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This cost will initially decline because the fixed cost is divided over a growing number of units, and then it
will rise due to an increasing marginal cost per unit. 

Three production levels are significant in the production cost—volume analysis. One of them—a
minimum production level—indicates a breakeven output xb below which the costs exceed the revenues. A
plant should not be established if at least this volume of demand cannot be assured. The second level xp

indicates the maximum profit the plant can realize at its given fixed resources setup and production
technology. The marginal cost CM at this level equals, as shown on Fig. 10.1(b) the price per unit rm.
Obviously the plant management should try to obtain this level of demand for its product.

Figure 10.1 The cost-output-profit relationship: (a) total cost; (b) costs per unit
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The third—associated with the minimum average cost per unit CA—is the optimal level xo for which the
plant should be designed based on the anticipated demand. In reality, for reasons associated with instability
of demand, a plant is often designed a priori for an initial capacity different from that optimum.

A certain minimum demand volume—presumably 10,000–20,000 m3 of concrete cast per year—is
required to justify the fixed resources required for any type of plant. Beyond that level, an optimal setup of
resources and methods can be devised for each particular desired output, resulting in a minimum cost per unit
(for that output).

The cost per unit, in a plant designed for a given output, will be considerably affected if the plant is
forced to operate below its planned capacity.

Let us assume that a cost per unit to a producer is co and that the fixed expenses amount to 30% of the
total cost when the plant is employed at its full capacity. The cost of an element to producer will increase to

  C0, i.e., by 13% if the plant works only at 70% of the full capacity. It
will increase to  C0, i.e., by 30% if it works at 50% of the full capacity. It
may be expected that if the output will fall down to such an extent for a long period of time, the plant will
also reduce its fixed expenses; however, the cost increase, in comparison to a production at full capacity,
will still be very significant. The producer may then be forced to operate under loss. Otherwise, the
producer will not be competitive with conventional construction, and this will reduce the demand for the
plant’s elements even further.

It may therefore be concluded that whenever the general demand for buildings in a certain geographical
area is scant or unstable, the prefabrication is at definite disadvantage with respect to conventional methods.
The higher the mechanization and the autonomy (in terms of its design, maintenance, and other auxiliary
functions) of the plant, the higher will be its fixed cost component, and consequently its sensitivity to
demand variations. In this respect low investment field plants are less sensitive to the demand instability
than large permanent plants.

Sensitivity to the nature of orders

Another very important factor in the economy of prefabrication is the nature of orders to be produced in the
plant. The costs which depend more on the nature of the order than on its volume include the design of
prefabricated elements for the order, the adjustment or procurement of molds required for this particular order,
and the “learning” time of workers if the order includes some special features. (The special requirements
from elements’ materials and fixtures will naturally also affect their cost. This factor, however, will have the
same cost effect on nonprefabricated building and is therefore irrelevant to the examination of relative
benefits or limitations of industrialization.)

In general, the following order attributes determine the impact of these special, order-dependent
adaptation needs:

• The size of the order. Usually, the larger the order, the smaller will be the share of the order-dependent
cost per element. 

• The diversity of the order, which is determined by the number of different element types the project will
require. The larger the number of element types, the smaller—with the same order size—will be the
number of elements of the same type and the higher the order-dependent cost per element.

• The similarity of the elements ordered to element types which are currently produced, or were produced
in the plant in the past. Such similarity will save the extra design and adaptation costs.
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• The complexity of elements. The more complex for prefabrication, in terms of shape and finish, are the
ordered elements, the more expensive will be adaptation of plant resources to their production.

It may therefore be concluded that the order-dependent cost per unit depends on the various setup expenses
—design, molds transformation, and learning—and on the total size of the order as measured by the number
of its aggregate units— cubic meters of concrete, square meters of building area, or number of elements.
Small, nonmodular projects with irregular shapes of components are definitely at disadvantage when their
prefabrication is considered.

Sensitivity to the transportation distance

The transportation cost of prefabricated elements, from plant to their construction site, amounts to 3–5% of
their total cost for distances not exceeding 50–100 km. For larger distances, the extra transportation cost varies
almost proportionally with the extra distance to be travelled. Prefabrication is therefore definitely at a
disadvantage when it is forced to compete for work at locations distant from the plant.

Other limitations of industrialized building

Other limitations, often cited in the context of industrialized building, are concerned with certain constraints
that the prefabrication imposes on the flexibility of the architectural design and the flexibility of building
changes during its life cycle.

The limitations on the design flexibility in prefabrication refers to the restraints that an architect is
expected to exercise in the variability of building components and irregularity of their shape, when
compared to conventional construction. It was already explained that, from the technological point of view,
the prefabrication has a higher potential where special shape and quality are required than the conventional
building methods. From the economic point of view, however, variability and irregularity in prefabrication
are almost always associated with extra adaptation and design expenses. These expenses may therefore be
viewed as the cost of flexibility in prefabrication and may be treated in the same manner as order setup
costs examined previously. As explained there, these costs do not affect the economy of prefabrication, if
they are allocated to a large enough number of production units. Consequently, the flexibility in
prefabrication is not much constrained by economy, if the project consists of modular “packages”—floors
or building segments—which are repeated a sufficiently large number of times to justify the incurred
adaptation expenses. A variability of design may not be costly even without modular repetition if it can be
attained with a given set of prefabricated elements. This point was discussed in the context of flexible open-
closed systems in Chapter 3.

Finally, an inexpensive flexibility may be retained if a building can be divided into components whose
repetitiveness will not impair the architect’s choice of elements, such as slabs and bearing walls or columns,
and others whose variability must be provided, such as partitions or exterior walls. The first will be
prefabricated within an appropriate system, and the others could be selected from outside or produced
onsite. Such distinction between “supports” and “detachable units” was made by the SAR group and is
explained in Chapter 3.

The cost of flexibility, with respect to future changes, can be measured through an expense associated
with changes anticipated over the building’s service life. Such flexibility may be very expensive when panel
or box systems are employed. These systems use concrete walls as slab supports, and therefore it is more
difficult to change their location than with non-load-bearing partitions made of smaller and lighter
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elements. The cost of flexibility to future changes may be largely reduced by using easily detachable
elements—conventional or prefabricated—for those parts most likely to be affected by changes. This can be
facilitated by increasing spans between bearing walls or even more so by using skeletal elements (beams
and columns) as supporting structure. It must be remembered, however, that an increase of flexibility in this
manner is usually accompanied by a corresponding decrease in the total extent of system prefabrication, and
its associated benefits.

10.5
Economic comparison of building systems

In view of the former discussion, it may be understood that a meaningful comparison between systems with
a different extent of industrialization can be performed only within a specific context, defined by the
following parameters:

1 Prices of main production resources—for example, labor, materials, and equipment.
2 The nature of the project to be constructed—its size and special features.
3 The volume and stability of demand for precast elements.

Three studies concerned with the economics of industrialized systems are presented here.
The first study includes a comparison between four building methods, with different degrees of

industrialization. The second study examines the economy of utilization of various individual precast
components in a typical building. The third study presents an economic comparison of prefabrication
systems with different geometrical configurations. 

Comparison of housing construction methods

Four different building systems, with different levels of industrialization, were compared in
Ref. [3]. A brief summary of the study is given below.

The main features of the compared systems are summarized in Table 10.1.
The model that was selected for comparison was a housing project with four 4-story

residential buildings and a total of 128 dwellings.
The key parameters that had to be determined for the model project, and the cost components

affected by them, are enumerated in Table 10.2.
A schematic layout and elevation of a model building are shown in Fig. 10.2.
Resource prices and labor productivity data were collected from actual market studies

performed for this purpose in Israel in 1970. Resource quantities were derived from the
quantities of various works in the project. Investment (depreciation and interest) and indirect
labor, in the plant, were established from a detailed study of a field plant (as described in
Chapter 6) with an output of 750 dwelling units per year. The average distance between the
prefabrication plant and the construction sites was assumed to be 50 km. The indirect expenses
on the construction site were determined from schedule analysis for each method.

The results of comparison are presented in Tables 10.3–10.5.
A sensitivity analysis of the various cost components to changes in main parameters was also

performed. The results of the study could be summarized as follows.
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The total labor requirement ranged from 1.72 man-hr/ft2 for the conventional method to 1.40
(81%) for the comprehensive prefabrication method. Saving in direct labor was up to 24.5% of
the total, and up to 33% exclusive of the substructure.

Table 10.1 Main features of analyzed construction methods

Method Skeleton External walls Stairs Partitions Plaster

(1) (2) (3) (4) (5) (6)

Conventional Reinforced
concrete
columns, beams,
floors cast in situ

Hollow concrete
blocks with
external stucco
in three coats

Prefabricated
flights, landings
cast in situ

Hollow concrete
blocks

Two coats

Cross wallsa Load-bearing
reinforced
concrete cross
walls and floors
cast in situ

Hollow concrete
block with
external stucco
in three coats

Prefabricated
flights, landings
cast in situ

Hollow concrete
blocks

Two coats on
masonry, one
coat on concrete
walls

Partial
prefabrication

Load-bearing
walls cast in situ
Floors
prefabricated
onsite

Prefabricated in
field plant with
finish including
carpentry. No
stucco

Flights
prefabricated in
plant, landings,
prefabricated
onsite

Hollow concrete
blocks

Two coats on
masonry, one
coat on concrete
walls

Comprehensive
prefabrication
(field plant)

Bearing walls
and floors
prefabricated in
the plant

Prefabricated in
field plant with
finish including
carpentry. No
stucco

Flights and
landings
prefabricated in
the plant

Reinforced
concrete
prefabricated in
the plant

One coat

aSystem of parallel reinforced concrete walls (cast in crane-transported steel forms) supporting continuous rei forced
concrete floor slab.

Source: Peer and Warszawski [3]. 

Table 10.2 Model parameters and their influence on cost components

Parameter (1) Cost components affected by parameter (2)

Plan of dwelling unit Direct labor

Materials

Size of project (number of dwelling units) General expenses

Indirect labor

Investment (through total construction time)

Construction pace Indirect labor

Investment

Market data (wages, materials and equipment prices, interest rate) All components

Prefabrication plant output Investment in prefabrication plant

Indirect labor in prefabrication plant

Transportation distance Transportation of prefabricated elements

Source: Peer and Warszawski [3].

248 INDUSTRIALIZED AND AUTOMATED BUILDING SYSTEMS



Table 10.3 Labor requirements (in man-hours and as a percentage)a

Labor requirement

Labor type Conventional Cross walls Partial prefabrication Comprehensive
prefabrication

(1) (2) (3) (4) (5)

Total laborb 1.72 1.55 1.47 1.40

(100.0%) (89.5%) (85.5%) (81.0%)

Direct labor 1.51 1.32 1.22 1.14

(100.0%) (87.5%) (81.0%) (75.5%)

Direct labor excluding
substructure

1.22 1.03 0.90 0.82

(100.0%) (85.0%) (74.0%) (67.0%)
aLabor requirement units presented in man-hours per square foot as in the reference. One man-hour per square foot

equals 10.75 man-hours per square meter.
bTotal man-hours spent onsite and in the plant.
Source: Peer and Warszawski [3].

Table 10.4 Breakdown of construction cost components in different construction methods (as a percentage)

Partial prefabrication Comprehensive prefabrication

Cost components Conventional Cross walls Site Plant Total Site Plant Total

(1) (2) (3) (4) (5) (6) (7) (8) (9)

Labor

Direct 28.1 25.7 22.6 1.0 23.6 17.7 3.8 21.5

Indirect 3.8 3.8 3.6 1.4 5.0 3.3 2.4 5.7

Total labor 31.9 29.5 26.2 2.4 28.6 21.0 6.2 27.2

Materials 56.0 57.5 53.0 4.1 57.1 39.6 17.2 56.8

Investment

Figure 10.2 Model project floor plan and elevation. (Source: Peer and Warszawski [3]) 
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Partial prefabrication Comprehensive prefabrication

Cost components Conventional Cross walls Site Plant Total Site Plant Total

(1) (2) (3) (4) (5) (6) (7) (8) (9)

Development – – – 0.3 0.3 – 0.7 0.7

Equipment 1.5 1.6 2.6 0.5 3.1 2.3 1.7 4.0

Forms 2.9 3.5 1.8 0.4 2.2 0.7 0.9 1.6

Total investment 4.4 5.1 4.4 1.2 5.6 3.0 3.3 6.3

Transportation – – – 0.4 0.4 – 1.7 1.7

General expenses 1.9 1.8 2.0 0.1 2.1 1.5 0.4 1.9

Overhead 5.8 6.1 – – 6.2 – – 6.1

Total cost 100.0 100.0 100.0 100.0

Source: Peer and Warszawski [3].

The total cost per dwelling unit, with the conventional method as 100%, was 95.9% for the cross-wall
method, 95.6% for the comprehensive prefabrication method, and 94.4% for the partial prefabrication
method.
The labor—wage parameter was found to predominate in the sensitivity analysis. The relative cost of a
method was also considerably affected by the annual output.

With the size of the project doubled to 256 units, the cost per dwelling was reduced by 0.7%, while
halving it (64 units) increased it by 1.9%. Changing the construction pace by ±25% affected cost by about
±1%. Enlargement of the floor area favoured the more mechanized methods: enlargement by 31% increased
construction costs by 15.7% in the conventional method, by 14.3% in the cross-wall method, by 12.7% in
the partial prefabrication method, and by 12.4% in the comprehensive prefabrication method.

Table 10.5 Comparison of cost components for construction methods (as a percentage)

Cost components Conventional Cross walls Partial prefabrication Total prefabrication

(1) (2) (3) (4) (5)

Total labor 100.0 88.8 84.7 81.5

Materials 100.0 98.5 96.3 96.9

Total investment 100.0 109.3 119.6 136.4

Transportation – – – –

General expenses 100.0 93.3 108.9 97.8

Overhead 100.0 100.0 100.0 100.0

Total cost 100.0 95.9 94.4 95.6

Source: Peer and Warszawski [3]. 

Although the detailed results of the study were contingent on local conditions and the prices prevailing in
Israel in the year 1970, the approach used may be of general interest. The prices and basic assumptions were
updated 10 years later and the principal findings and conclusions remained very much the same.
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Utilization of single precast concrete elements

The purpose of the study described in Ref. [9] was to determine the feasibility of utilization of single
precast elements in conventional construction. The precast elements chosen as the subject of the study were
floor slabs and exterior walls.

The technological alternatives examined within the study were:

1 The basic conventional system employed in the Israeli housing, consisting of cast in situ concrete
slabs and columns, hollow concrete block masonry for exterior walls and partitions, three layers of
stucco finish on the exterior, two layers of plaster on the interior walls, and terrazzo tiles on sand
and mortar bedding as the floor finish.

2–3 Prestressed perforated floor slabs, used with cast in situ columns, and masonry and finish as in
alternative 1. This alternative was examined for two typical maximum spans encountered in
housing projects: 6.60m (for two rooms) and 9.60m (two bedrooms and a living room).

4 Precast non-load-bearing exterior walls including granolitic finish, insulation layer, window frames,
and electrical conduits used with cast in situ concrete skeleton and interior finish works, as in
alternative 1.

5–6 Prestressed slabs (as in alternatives 2–3) supported on exterior precast load-bearing walls composed
as in alternative 4. This alternative was also examined for two maximum spans as in 2–3.

The model selected for comparison was a residential four story building with four identical apartments on
each floor (with a gross area of 375 m2 per floor), shown in Fig. 10.3. It was designed separately as a part of
this study for each of the pertinent alternatives and was evaluated with respect to the following criteria: (1)
the labor requirement onsite, (2) the construction cost, (3) the construction time of the building, and (4)
various considerations of more subjective nature. The evaluation involved only those works that were not the
same in all alternatives, namely, structure, envelope, and the associated finish works, which constituted
approximately 20% of the total direct construction cost. The ground floor and the roofing were not included
in the comparison.

The results of the labor requirement and direct cost comparisons are shown in Tables 10.6–10.9.
The cost breakdown of the precast elements is shown in Table 10.10. The construction time differences with

the various methods and their economic value are shown in Table 10.11. This table also summarizes the
overall feasibility of the various methods through their respective costs adjusted by the economic value of
time saving.

All costs in Tables 10.6–10.11 were calculated from a detailed engineering analysis of each alternative
and the prevailing local prices in Israel in 1983. The time 

Table 10.6 Labor requirement onsite in different construction alternatives

Labor requirement (man-hours per dwelling)

Precast slabsa Precast slabs and bearing wallsa

Activities group Conventional
methoda

Span 9.60m Span 6.60m Nonbearing
precast wallsa

Span 9.60m Span 6.60m

(1) (2) (3) (4) (5) (6) (7)

Walls 163.8 153.6 153.6 61.1 43.4 43.4

(40.5) (44.7) (44.5) (19.7) (36.4) (36.0)
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Labor requirement (man-hours per dwelling)

Precast slabsa Precast slabs and bearing wallsa

Activities group Conventional
methoda

Span 9.60m Span 6.60m Nonbearing
precast wallsa

Span 9.60m Span 6.60m

(1) (2) (3) (4) (5) (6) (7)

Columns 67.3 55.7 65.4 76.4 – 9.7

(16.7) (16.2) (19.0) (24.6) (–) (8.0)

Floor slabs 173.0 75.3 50.8 173.0 75.8 51.3

(42.8) (21.9) (14.7) (55.7) (63.6) (42.5)

Supporting
beams

– 59.1 75.3 – – 16.2

(–) (17.2) (21.8) (–) (–) (13.5)

Total 404.1 343.7 345.1 310.5 119.2 120.6

(100.0) (100.0) (100.0) (100.0) (100.0) (100.0)
aNumbers in parentheses indicate percentage of the total in each group.
Source: Warszawski et al. [9].

saving and its value were calculated from schedule analysis, as explained in Section 10.3.
The results of the study could be summarized as follows.
The use of precast elements brought considerable savings in site labor—up to 70% in the compared

elements. 

Figure 10.3 Schematic layout and elevation of model building. (Source: Warszawski et al. [9])
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Table 10.7 Comparison of labor requirement onsite in different construction alternatives

Labor rquirement (man-hours per dwelling)

Precast floor slabsa Precast slabs and bearing wallsa

Components Conventional
methoda

Span 9.60m Span 6.60m Nonbearing precast
wallsa

Span 9.60m Span 6.60m

(1) (2) (3) (4) (5) (6) (7)

Vertical 23.1 209.3 219.0 137.5 43.4 53.1

(100) (90.6) (94.8) (59.5) (18.8) (23.0)

Horizontal 173.0 134.4 126.1 173.0 75.8 67.5

(100) (77.7) (72.9) (100) (43.8) (39.0)

Total 404.1 343.7 345.1 310.5 119.2 120.6

(100) (85.1) (85.4) (76.8) (29.5) (29.8)
aNumbers in parentheses indicate ratio with respct to the component cost in the conventional method.
Source: Warszawski et al. [9].

Table 10.8 Direct cost in different construction alternatives

Direct cost (dollar per dwelling)

Precast floor slabsa Precast slabs and bearing wallsa

Activities group Conventional
methoda

Span 9.60m Span 6.60m Nonbearing
precast wallsa

Span 9.60m Span 6.60m

(1) (2) (3) (4) (5) (6) (7)

Walls 1655.80 1556.03 1556.03 2216.40 2527.30 2527.30

(33.4) (28.9) (33.0) (39.7) (48.2) (55.3)

Columns 612.81 519.23 608.39 689.86 – 89.16

(12.4) (9.7) (12.9) (12.3) (–) (1.9)

Floor slabs 2683.76 2697.67 1760.51 2683.76 2710.81 1773.65

(54.2) (50.1) (37.4) (48.0) (51.8) (38.8)

Supporting
beams

– 606.02 787.14 – – 181.12

(–) (11.3) (16.7) (–) (–) (4.0)

Total 4952.37 5378.95 4712.07 5590.02 5238.11 4571.23

(100.0) (100.0) (100.0) (100.0) (100.0) (100.0)
aNumbers in parentheses indicate percentage of the total in each alternative.
Source: Warszawski et al. [9].

The cost savings, in this particular case, were less evident and amounted at most to 5–8% of the total cost
of compared elements.

The use of precast elements had a significant effect on the shortening of the construction time, and
consequently on the overall feasibility of their usage.

The labor and cost comparisons, as described in the full study, were made under very conservative
assumptions in terms of building layout selected (which was not well suited for prefabrication of its
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components) and efficiency of erection work. Modification of these assumptions could have altered the results
in favour of prefabrication alternatives. 

Table 10.9 Comparison of direct cost in different construction alternatives

Direct cost (dollarper dwelling)

Precast floor slaba Precast slabs and bearing wallsa

Components Conventional
methoda

Span 9.60m Span 6.60m Nonbearing precast
wallsa

Span 9.60m Span 6.60m

(1) (2) (3) (4) (5) (6) (7)

Horizontal 2683.76 3303.69 2547.65 2683.76 2710.81 1954.77

(100.0) (123.1) (94.9) (100.0) (101.0) (72.8)

Vertical 2268.61 2075.26 2164.42 2906.26 2527.30 2616.46

(100.0) (91.5) (95.4) (128.1) (111.4) (115.3)

Total 4952.37 5378.95 4712.07 5590.02 5238.11 4571.23

(100.0) (108.6) (95.1) (112.9) (105.8) (92.3)
aNumbers in parentheses indicate ratio with respect to components cost in conventional method.
Source: Warszawski et al. [9].

Table 10.10 Cost breakdown of precast components (in percentage of the total)

Cost (dollarsper dwelling)a

Cost component Wall panels Floor slabs

(1) (2) (3)

Direct labor in plant 137.07 51.56

(8.0) (3.2)

Direct materials in plant 721.02 754.33

(41.9) (47.1)

Plant overhead 429.05 402.93

(25.0) (25.2)

Transportation 83.72 108.84

(4.9) (6.8)

Assembling and jointing onsite 347.19 284.23

(20.2) (17.7)

Total cost 1718.05 1601.88

(100.0) (100.0)
aThe numbers in parentheses indicate the percentage of the total for each type of elements.
Source: Warszawski et al. [9].

Comparison of different prefabrication systems

The purpose of the study summarized below and described in [4] was to compare four different
prefabrication systems:
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1 Bearing walls (System A).
2 Post and beam (System B).
3 Column—slab (System C).
4 Spatial unit (System D).

A model residential building project was selected for comparison. It comprised 100 apartment floor
sections, each section including 3 dwellings, as shown in 

Table 10.11 Construction time differences in various alternatives

Labor requirement (man-hours per dwelling)

Precast floor slaba Precast slabs and bearing wallsa

Comparison
paramaters

Conventional
methoda

Span 9.60m Span 6.60m Nonbearing
precast wallsa

Span 9.60m Span 6.60m

(1) (2) (3) (4) (5) (6) (7)

Time saving, in
months

– 1 1 1 4 3

Value per
dwelling, in
dollars

– 280.00 280.00 280.00 1120.00 840.00

Total cost
adjusted

4952.37 5098.95 4432.07 5310.02 4118.11 3731.23

for time saving,
in dollarsc

(100.0) (103.0) (89.5) (107.2) (83.2) (75.3)

aNumbers in parentheses indicate ratio with respect to the cost in the conventional method.
bThe adjusted total cost is calculated by subtracting the value of time saving from the total cost of the compared

activities
cTime savings are presented with respect to the duration with the conventional method.
Source: Warszawski et al. [9].

Fig. 10.4. A schematic presentation of the four compared systems is shown in Fig. 10.5.
Two types of evaluation were applied. One of them was based on cost estimates of a model building

executed with three out of four examined systems (spatial model was not considered). The costs were
obtained through price quotations from 10 prefabrication plants—for precast elements—and from 5
construction contractors—for their erection onsite. The least expensive method proved to be the bearing
walls system (67 mk/m2)† with the column—slab model more expensive by 100% (133 mk/m2), and the post
and beam system by 50% (99 mk/m2).

The second comparison involved the qualitative aspects of the various systems, mainly in the areas of
planning flexibility, adaptability (after erection), and  development potential. These main areas were then
subdivided into subareas and subsequently into specific properties. The comparison was performed by
means of a weighting method explained in Section 10.2. A team of experts was called in to assign
importance weights (on a scale of 1 to 1000) to the various properties in each area. Finally, three grading
groups were established to assign to each system a representative “grade” on its performance with respect to

†Finnish mark per square meter. 
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each defined property. The first group consisted of planner-architects and engineers, the second of
precasters and building contractors, and the third of dwelling users. The final grade was compiled by
multiplying the grade awarded to each property by its weight in total and adding them for each system. The
results were as follows:

Weight group A B C D

Planners 3294 2892 3154 2695
Precasters and builders 3233 2854 3104 2439
Users 2943 2884 3027 2528
Source: Association of the Concrete Industry in Finland, [4].

The conclusion was that systems A and C are clearly superior to the others, both on qualitative and
economic grounds.

General observations

It may be understood now that an economic feasibility of industrialization must be evaluated for each
particular case, considering the general market conditions, specific features of the construction location and
of the project to be constructed, and the nature of its future use. However, based on the former discussion of

Figure 10.4 Plan and elevation of model building. (Source: Association of the Concrete Industry in Finland [4]) 
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the benefits and limitations of industrialization, several general observations can be made with respect to a
choice of a construction system under various market and project conditions. These observations are
summarized in Table 10.12.

10.6
Summary and conclusions

One of the most important considerations in the selection of an industrial system is its economic
performance when compared with conventional building methods.

The economic comparison between building systems is based on an analysis of all costs and benefits
associated with each of them. An analysis must identify both the explicit and the implicit or “opportunity”
building costs. It must distinguish between the relevant and irrelevant or “sunk” costs. Future costs must be
discounted to their present worth for the sake of comparison. A distinction between fixed and variable costs
is essential for the purpose of cost-volume analysis. The benefits of project employment can comprise

Figure 10.5 Alternatives of prefabrication systems: (a) bearing walls; (b) spatial units; (c) posts and beams; (d) posts and
slabs. (Source: Association of the Concrete Industry in Finland [4])
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actual money receipts, cost savings, indirect economic gains, or intangible advantages to user, which must
be brought into account in an orderly and consistent manner.

The main benefits of industrialized building are the saving in onsite labor, especially skilled labor, the
saving in construction time, and the superior quality 

Table 10.12 Relative advantages and disadvantages of industrialization under various conditions

Advantage to

Conditions Industrialized methods Conventional methods

General market conditions

High volume and stability of demand for buildings x

High construction wages x

Lack of skilled workers x

Centralized planning of building supply x

General project conditions

Large and repetitive project x

Harsh weather conditions x

Scarce local supply of skilled labor x

Tight construction schedule x

High quality of work required x

Archictural features of the project

High modularity of dimensions x

Special nonregular shape of the building x

Special performance needs of the building x

Adaptations to the requirements of each particular user x

Special technological requirements from components (e.g., very
high quality)

x

Special aesthetic requirements from components x

Project use after completion

Anticipated changes during construction x

Anticipated changes over project life x

Low quality of maintenance x

of prefabricated building components. The main limitations of an industrialized building are its sensitivity
to the volume and stability of demand, its sensitivity to the nature of orders—their size, diversity, and
complexity—and its sensitivity to the distance between the plant and site locations. Its other limitations are
a some-what reduced flexibility with respect to the design options and with respect to changes over the
project life cycle.

The feasibility of an industrialized system can therefore be determined only after considering the general
market conditions, the general project site conditions, the architectural features of the project, and its
anticipated nature of use after completion. In general, it may be concluded that an industrialized system may
be advantageously applied under a stable demand for buildings, where high construction labor wages
prevail or where there is a lack of skilled workers. It is also advantageous when the project is large and of a
repetitive nature, when harsh weather conditions prevail, when the construction schedule is tight, or when
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high quality of work is required. It is at a disadvantage if the building is of a special irregular shape, if
adaptations to needs of vairous users are required, or if changes during or after construction completion are
anticipated.

As explained in Chapter 12, the impact of the first three factors—the size of the order, its diversity, and
the similarity of the elements to those already produced—will decrease with the adoption of automated
production methods. 

Assignments

10.1 An office building of 2000 m2 floor area is to be erected at a commercial center in your vicinity.
There are two offers to build it: one with a conventional method over a period of 18 months, and the
other using prefabricated floor slabs and exterior walls over a period of 15 months. The conventional
offer is less expensive by 3% than the industrialized one; however, it involves a longer construction
time, and a complete repainting of the exterior every 10 years, which is unnecessary when
prefabricated walls are used. You have to select a preferred offer assuming a cost of $600 per m2 of a
conventional building, 0.5 m2 of an exterior wall per m2 of floor area, a painting cost of $30 per m2, a
net annual revenue from rental of $80 per m2 of floor area, interest on investment of 6% compounded
annually, and a useful life of a building of 50 years.

10.2 The fixed production expenses in a prefabrication plant amounted to $40,000 per year. The variable
expenses are $80 per unit for an output of less than 2000 units per year, and they grow by $10 per
unit for each additional 300 units above this output ($90 for the first 300 units, $100 for the second,
etc.). The price received per unit is $120. What is the “breakeven” production output, an optimal
output level from the resources utilization viewpoint, and an output that promises the highest profits?

10.3 An invitation to bid is to be based on a schematic layout of a residential building. The bidders are
invited to offer a preferred system of components (structure, partitions, envelope), construction time,
and quote a price for their offer. Define, in a formal manner, clear and accountable criteria for the
selection of the winner.

10.4 How would the economic comparison presented in Section 10.5 (pertaining to Ref. [9]) be affected by
the labor cost at your location (the average labor cost in Israel at the time of the study—in 1983—was
$4 per hour). You may assume that all costs other than labor costs are the same as in the study. How
will the conclusions of the study change in such a case?
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Chapter 11
Long-Range Planning of Prefabrication

11.1
Introduction

Long-range planning of prefabrication involves all decisions which, taken now, will determine the nature
and operation of the prefabrication system over its entire service life. Specifically, when applied to a single
plant the planning involves these decisions:

1 The initial decision to establish a prefabrication plant and determination of building components to be
produced.

2 Plant (or plants) location.
3 Its production capacity.
4 The production technology employed.
5 The equipment to be used in the plant.
6 The layout design.
7 The organizational structure.
8 The operational procedures.

The basic considerations involved with items 4–8, that is, the structure and operation of a prefabrication
plant, have been discussed in various contexts in Chapters 2, 5, 6, 7, 8, and 9. This chapter deals specifically
with the assessment of demand for prefabricated products and the ensuing decisions of whether to establish
a plant, its nature, location, and capacity. Those decisions can involve a single plant initiated by a private
entrepreneur, several plants under a common interest group, or a whole industry organized on a regional or
national level. In all those cases, the decision will depend on various economic and noneconomic factors
associated with the particular region and the various communities and geographical sites that are candidates
for the location. These factors are discussed first, and then various procedures for the search for an optimal
plant location and capacity solution are explained. 

11.2
Analysis of demand

The demand for prefabricated elements is the most important factor which must be considered when
deciding whether to establish a prefabrication plant, where and for what type of products. The choice of
elements to be produced could result from a market study in the prospective area. Alternatively, an



enterprise may limit itself a priori to a preferred group of elements such as, for example, hollow core floor
slabs, and then focus its market study on the demand for these particular elements.

In any case, the plant will be established by a private entrepreneur, only if it will promise a certain profit
from its operation, that is, if the revenue for an anticipated level of demand will cover both the fixed and the
variable production, transportation, and erection expenses, as explained in Chapter 10. This will happen if
the output of the plant will exceed a minimum “breakeven” volume as defined in that chapter. It is therefore
the first objective of the market study to determine whether the anticipated volume of demand will justify an
establishment of a plant for prefabrication of the selected type of element in a given region. Other objectives
of the demand study—its nature, volume, and distribution—are to assist in determination of the optimal
production capacity of the prefabrication plant and its preferred location, as explained later.

The demand for prefabricated elements of a particular type is determined by the following factors:

1 The total demand for buildings of various types—for example, residential, commercial, or industrial.
2 The maximum amount of prefabricated elements which can be used in construction of the various

buildings types.
3 The share of this maximum demand which would be actually supplied (as anticipated at the planning

stage) by prefabricated elements.

The total demand for buildings in a certain region depends on its demographic and economic development.
The increase in population generates demand for dwellings, schools, nurseries, hospitals, retail stores, and
other services. Economic development generates demand for factories, warehouses, hotels, offices, banks,
restaurants, parking lots, and other centers of commercial activity. The demand for those buildings, and its
geographical distribution in the examined region, is usually assessed from the following sources:

1 Information about specific projects to be constructed in the short- to middle-range time span. It can be
obtained from local authorities (building permits), engineering offices, private developers, public
housing agencies, investment budgets of private and public enterprises, and construction firms. This
information is most instructive with reference to the nature and location of prospective works;
however, it is not always comprehensive, and it is reliable only as much as its sources are.

2 Local and regional long-range development plans with respect to residential areas, commerce,
industry, and services. Such plans present a good projection of the future demand and its
geographical distribution; however, they seldom convey reliable information about its timing, which
may depend on unpredictable economic and sometimes political factors.

3 Statistical data about construction put in place in the past, in physical (floor area) or economic
(money) terms. These data could be analyzed with appropriate statistical methods, presented as time
series and projected into the desired future. Alternatively, its past dependence can be established on
some leading demographic or economic indicators whose future value can be reasonably assessed.
Such indicators could be population growth, new households formed, or gross national (or local)
product. Methods for statistical trend analysis are presented in Ref. [3] and other sources.

4 Forecasts and projections about the output of the construction industry prepared by local or national
planning institutions.

For a reliable estimate of the future building potential, it is always advisable to utilize most of the above-
mentioned sources, rather than rely solely on any one of them alone.
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The maximum amount of prefabricated elements, for a given demand, can be derived from analysis of
representative buildings of each type contained in this demand. Thus, for example, in typical residential,
commercial, and public service buildings (which account in most countries for the largest share of the total
demand for buildings), the maximum amount of floor elements is roughly 1 m2 of element area per 1 m2 of
gross building floor area. The amount of exterior wall elements varies usually between 0.4 and 0.7 m2 per 1
m2 of floor area, depending on the height of the floors, the configuration of the building, and the size of
windows enclosed in them. The amount of bearing interior walls in panel systems varies between 0.3 and 0.
5 m2 per 1 m2 of gross floor area—for prestressed hollow core slabs at 6–7 m spans—and between 0.6 and
0.8 m2 per 1 m2 of gross floor area for solid 3–4 m spanned room-size slabs. Those amounts may easily be
converted into concrete volume, depending on the prefabrication system employed, for example, 0.13–0.15
m3 of concrete per 1 m2 of floor slabs, 0.18 m3 per 1 m2 for exterior walls, and 0.14–0.18 m3 per 1 m2 for
interior bearing walls.

The most difficult task, in this process, is determining the actual share of prefabricated elements in this
maximum available total. Theoretically, this share should depend only on the cost of prefabricated elements
when compared with the conventional building activities they replace. It was shown, however, in
Chapter 10 that the cost of prefabrication depends on the nature of the building projects—their size,
complexity of features, and modularity of design. The larger the size and the higher the repetitiveness of
components, the better the project renders itself for prefabrication. In order to determine the prospects of
prefabrication, it is necessary to study thoroughly the nature of the prospective building projects in the
demand area. The actual share of prefabrication also depends on (1) the preference of the designer and his
familiarity with the prefabrication method employed and (2) the preference of the contractor with regard to
the prefabricated versus conventional construction.

The last two factors are affected, to a very large degree, by the efficiency of the marketing effort of the
prefabrication enterprise. The designer may feel uncomfortable with nonconventional methods; however, he
may welcome technical assistance in detailing of elements and their connections. The builder may be wary
of the need for possible changes in his regular work setup and the coordination between the new trades and
the conventional parts of his work. However, if reassured in this respect, he may prefer prefabrication due to
the expected saving in skilled labor, the elimination of cumbersome trades, and the reduction in construction
time which can be realized with it.

With precise information about the nature of the projects to be constructed and with a modest marketing
effort, it can be assumed that prefabrication may encompass, if competitive costwise, at least 50% of the
maximum potential for multistory and other buildings normally erectable with “heavy construction”
methods. With substantial savings in cost and intensive marketing effort, the share of prefabrication may be
increased to 70–80% of the total.

The anticipated demand for prefabricated elements of the type t (floor slabs, exterior walls, columns, etc.)
may be calculated from

(11.1)
where Rt=the demand for elements of the type t, measured in their area (m2), concrete volume (m3), or any
other type of unit.

R=estimated demand for buildings, measured in units of floor area (m2)
� � =maximum number of units of element t per m of floor area
� =the expected share of prefabricated elements in the maximum available demand
It was noted before that the share of prefabrication may be roughly assumed as 50% of the demand if its

cost is comparable to the conventional construction. The cost of prefabricated elements will increase with
their transportation distance (and, in many cases, so will the cost of their erection) and this may increase the
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price charged to their prospective user. The growing distance between a building site and the prefabrication
plant makes it less competitive with conventional methods and reduces its share (denoted above as � ) of
demand.

A distance of 150–200 km, which still allows for at least one transportation cycle per day, is usually
considered as the limit of economic supply, although under special circumstances or for a special product,
the feasible supply distance may be larger. A conservative market study will consider only those locations
for prospective demand where prefabrication (including the transportation cost) is still costwise competitive
with the conventional construction, regardless of its other benefits.

A similar approach will govern the analysis of prospective demand where several prefabrication plants
operate in the same demand area. Assuming that the nature of their products, their quality, and production
costs are similar, the relative advantage of one plant over the other with respect to the prospective demand
will largely be determined by the transportation distance. If the transportation distance between the demand
area and the various competing plants will be roughly the same, it may be assumed (with no other factors
involved) that the demand will be evenly divided between them. Consequently, if a plant is to be opened in
a region where several other plants already operate, it will probably attain, after some time (with all other
conditions equal), an equal share of the demand if its transportation distances are not very much different
from those of the other plants, and a larger share where they are shorter.

In special cases the demand for plant products will not be affected by the activity of other plants in the
region. A plant operating within a construction company may base its expectations on all, or most, of the
demand for precast elements of the parent company, often in addition to the regular share of other demands.
A plant that specializes in some unique task, like a particular type of wall finish, may hope for an
exclusiveness or at least a preference in its specialty line.

11.3
General factors in plant location

The location of a prefabrication plant may be instrumental to its efficient and effective performance. The
location involves the selection of a region which the plant is intended to serve, a specific community within
which it will operate, and the physical site that it will occupy. This section discusses, in general terms, the
various factors that must be taken into account when selecting a location for a prefabrication plant. Their
economic implications are examined in other parts of this chapter.

The demand

Obviously, the key factor that must be considered in the plant location, and at its capacity, is the nature of
demand for prefabricated building elements. The assessment process of the prospective demand for building
elements has been described in Section 11.2. As noted before, the prospective demand decreases with the
distance from the plant.

Availability of raw materials

Another important factor in plant location is the availability of raw materials in the vicinity of the
prospective site. This consideration involves mainly the regular concrete aggregates, which constitute a
major part of the elements’ weight, are bulky, and are costly to haul. The supply sources of other
ingredients which must be taken into account are cement, reinforcing steel, and various finish materials—
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especially for exterior wall elements. In the absence of these materials in the direct vicinity of the
prospective site, it is necessary to examine their possible shipment by road, rail, or waterway.

Availability of labor

The efficiency of production will be determined by the availability of labor in the vicinity of the prospective
site. This involves both the unskilled labor employed in the various production tasks and the skilled labor—
engineers, technicians, equipment operators, steel workers, carpenters, and maintenance mechanics. It is
therefore important to determine the recruiting possibilities, the prevailing wages, union practices, and labor
regulations at the various candidate locations.

Transportation network

The cost and reliability of transportation—both of raw materials and of finished elements—depend on the
state of roads in the region and their access to prospective locations and demand centers. In some cases, an
availability of a rail connection near a prospective site should be taken into account in the selection process.

The business environment of the neighboring community

This includes local business, labor, traffic and environmental laws and regulations, the taxes imposed on
production activity, and the various incentives and assistance programs that are often offered to encourage
it. The cost of utilities— power, water, gas, and various other services—which the plant may wish to
receive must also be established in this context.

The quality of life in the neighboring community

The nature of the community within which the plant will operate is expressed through its size, economic
status, stability, climate, physical environment, availability of services, and educational level. These factors
will usually determine the cooperation between the plant and the community and will affect the satisfaction
of the employees and their willingness to choose it as their permanent living place.

The nature of the site

The factors that determine the desirability of each particular candidate site are its topography, size and
shape of the lot, price of the lot, access, and absence of unpleasant environmental hindrances such as odors,
dust, wind, and mud.

The economic incentives

The establishment of a prefabrication plant may bring various economic benefits to a local community, such
as additional employment, business, or increased construction capacity. These benefits are often
remunerated by the local or national authorities with some economic incentives offered to the owner: for
example, grants, subsidies, or tax exemptions. The existence of such incentives should be taken into
account and, in some cases, actively sought when evaluating candidate localities for plant establishment. 
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An entrepreneur who considers an opening of a prefabrication plant should therefore first determine the
region or regions which he wishes to examine for this purpose. In these regions he should evaluate the
demand, the sources, and the costs of the major production ingredients—the aggregates, cement, steel, and
finish materials. He should also examine the quality of road and rail networks in the area—in particular,
those leading to material supply sources and the demand concentrations—and the prevailing transportation
costs.

Subsequently, he should examine the various communities in the pertinent regions—their regulations,
cost of services and utilities, availability and cost of labor, taxes, possibilities of financial assistance, and
quality of life.

Based on these studies, the entrepreneur should select those communities which are most attractive from
the point of view of demand, closeness to material sources, business opportunities, incentives offered, and
quality of life. In those communities he should look for the most suitable sites considering their topography,
price of land, access roads, availability of utilities, and pertinent environmental factors.

Some of the above-mentioned considerations may lead to conflicting conclusions with respect to the site
selection. For example, candidate locations closest to demand centers or supply sources may not be
attractive with respect to business environment, quality of life, or site convenience.

In such a case the entrepreneur will have to apply his personal judgment or use some consistent, albeit
subjective, weighting procedure to evaluate the benefits of the various competing locations. He can also try
to express their performance in economic terms and select the location that will result in the minimum
decision-dependent cost or the maximum decision-dependent economic benefit. Such an approach is
explained in the following sections.

A decision that is closely related to plant location involves its optimal operational capacity—that is, for what
output it should be designed at the selected location. The plant capacity will depend on the prospective
demand, its distribution and stability, on the investment and production costs for various output levels, and
on financing constraints and individual preferences of a particular entrepreneur. The economic aspects of
this decision are also discussed later.

11.4
Determination of plant location and capacity

The purpose of the plant location process is to select a site that will provide its owner with the highest net
benefits (or minimum costs) from its operation, considering all factors involved. An orderly procedure for
this purpose is suggested in the following section. As noted earlier, the decisions concerning plant location
and its capacity are interrelated: they depend on many common factors—the most important among them
are the demand and the production costs. The suggested procedure therefore involves both decisions
simultaneously. 

Decision parameters

The more important economic parameters that should be examined within the context of the location and
capacity of prefabrication plant are as follows:

1 The demand for the elements to be produced in the plant—its anticipated volume and geographical
distribution. Methods for the demand assessment were discussed in Section 11.2.
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2 Direct production costs affected by the decision, that is, labor and materials. The cost of labor may
vary from one location to the other, especially if the search for an optimal location is carried out over
a large geographical area. The capacity may also affect the cost of labor (per unit) if it will be
associated with a change in technology, that is, larger investment in facilities for increased
productivity. The cost of materials will be affected by the distance from their supply source (e.g.,
aggregates quarries) to the examined location. It may also be affected by the adopted production
technology, which, as explained before, could depend on the planned plant capacity.

3 Indirect production costs, which include depreciation and interest on investment in equipment and
facilities, their maintenance expenses, salaries of administration and technical personnel, and other
current expenses like rent, utilities, taxes, inventory carrying costs, and various services. Those may
well depend on location (mainly with respect to taxes, services, and rent) and will certainly be
affected by capacity, although not varying linearly with it.

4 Indirect location benefits to the community, by providing extra employment and expanding economic
activity. With respect to a private entrepreneur, these benefits have a tangible economic value if the
government or the community is willing to provide financial incentives for plant establishment at
certain locations. In such cases, the incentives may be considered as a “negative” indirect cost (which
may be subtracted from the “regular” indirect costs discussed before) and treated accordingly in the
economic analysis.

5 Transportation costs of prefabricated elements between the various candidate location sites and the
anticipated concentrations of demand (projects to be built, residential areas under construction).

6 Prices of conventional construction at the demand areas. It was mentioned earlier that industrialized
building must be competitive with the conventional construction methods. Under regular
circumstances the prices received, at various locations, cannot be expected to exceed the prevailing
prices of the conventional components.

Decision procedure

The procedure for determination of location and capacity of a single prefabrication plant may be
summarized in the following sequence of steps:

1 Determine the general geographic region in which the plant is to be established. 
2 Estimate the anticipated annual demand in the region and its distribution among the different

localities. Determine the components to be fabricated and evaluate (in terms of equipment, materials,
and labor requirement) the alternative technologies for their production.

3 Identify possible sites for plant location considering local zoning regulations, access roads, and
proximity to demand concentrations and material sources.

4 Calculate direct and indirect production costs at each site for a selected plant capacity, on the basis of
resources necessary for this purpose. The analysis of the required production facilities for a selected
capacity of a prefabrication plant was discussed in Chapter 6. If the direct costs (labor and materials)
are independent of the location and the capacity, they can be omitted from the analysis because they
will not affect its outcome.

5 Calculate transportation costs between each site and those demand areas that allow full utilization of
the determined capacity at minimum cost (usually closest to the prospective site).

6 Calculate the expected annual benefit from operations as the difference between the income
(estimated on the basis of the price of similar conventional components) and the costs (production—
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direct and indirect—and transportation, all of them calculated as explained before). The benefit, when
calculated in this manner, does not necessarily reflect the actual profit of the producer, which will
depend on his pricing policy. The producer may often vary the price to the customers according to his
actual transportation costs, thereby passing a fraction of the benefit to those customers located in
close proximity to the plant. The benefit, as defined here, may be viewed as the maximum potential
profit if the product is priced at its alternative market value. It is used here only as a criterion for
efficient plant location.

7 Repeat steps 4–6 for different plant capacities, which can be fully utilized with the existing demand.
8 Select the location and capacity providing the highest expected benefits. Since the demand forecasts are

not certain, the selection should always be biased toward lower-capacity alternatives with a higher
probability of a full utilization.

Example

A certain region (selected in step 1) was evaluated for possible establishment of a prefabrication plant for
production of a specific type of element. The annual demand for these elements was calculated (in step 2) from
the total estimated demand for buildings in the region using Eq. (11.1) and assuming that the maximum
possible rate of prefabrication is � � =0.2 m2 of the element per 1.0 m2 of built floor area, and that its expected
share is � =0.5. The demand at the various locations in the region is shown in Table 11.1. Three locations—at
Little, Pine, and Springs (identified in step 3)—are examined as possible sites for the plant. The direct costs of
fabrication (labor and materials) were assessed (in step 4) as $20 per m2 of element at all three locations; the
cost of its installation is $8 per m2. 

Two plant capacities were examined, namely, production of 50,000 and 100,000 m2 of the element per year,
respectively. The indirect production costs at Little, Pine, and Springs were estimated for the capacity of 50,
000 m2/yr as $430,000, $400,000, and $400,000, respectively, and for the capacity of 100,000 m2/yr as $730,
000, $700,000, and $700,000, respectively.

The transportation costs per unit, between each site and the demand locations (assessed in step 5), are shown
in Table 11.1. The revenues at each location were calculated in view of the market price of alternative
conventional elements of comparative performance at $42 per m2 of element in the whole region.

The benefits for each capacity level (in step 6) were calculated assuming a priority of supply to locations
with the least transportation cost. The least transportation cost from Little was incurred for a capacity of 50,000
m2 with a supply to Pulaski, Saline, Garland, White, Jefferson, Faulkner, Lonoke, and Pope (partial), and it
amounted to $160,968. The benefit at Little, for this capacity, was therefore calculated from

For a capacity of 100,000 m2 the supply from Little was to the same locations as for the lower level,
and also to Craighead, Mississippi, Washington, Sebastian, Crittenden, Crawford, Miller, Phillips,
DeSoto, Greenville, and Shelby (partial), with the total transportaiton cost of $447,792. The benefit
was calculated from

In a similar manner the minimal transportation cost at Pine for a capacity of 50,000 m2 was
calculated as $182,748 and the benefit as $117,252. For a capacity of 100,000 m2 the transportation
cost amounted to $462,778 and the benefit was $237,222.
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Table 11.1 Transportation cost from the various locations

Transportation costs ($/m2)

Location Annual demand (m2) Little Pine Springs

Pulaski 24,100 2.80 3.36 4.00

Saline 3,700 3.36 4.00 3.36

Garland 4,900 4.00 4.56 2.80

White 3,600 4.00 4.56 4.98

Craighead 4,500 5.90 5.90 % 6.80

Mississippi 4,200 5.90 6.35 7.25

Jefferson 6,400 3.36 2.80 4.56

Benton 5,500 6.35 7.25 6.35

Washington 7,100 5.90 6.80 5.33

Sebastian 6,700 5.33 6.35 4.56

Crittenden 3,500 5.90 5.33 6.80

Crawford 2,600 5.33 6.35 4.98

Faulkner 3,200 3.36 4.56 4.00

Lonoke 2,500 3.36 3.36 4.56

Miller 2,700 5.90 5.90 4.98

Phillips 2,500 4.56 4.56 5.90

Pope 2,700 4.00 4.98 4.00

Shelby 54,600 6.35 5.90 7.25

DeSoto 4,300 5.90 5.33 6.80

Greenville 5,100 5.90 4.56 6.35

Bossier 6,000 6.35 6.35 5.90

Caddo 18,300 6.35 6.35 5.90

Bowie 5,200 6.35 6.35 5.33 

At Springs, for a capacity of 50,000 m2 per year, the transportation cost was $198,136 and the benefit was
$101,864. For a capacity of 100,000 m2 the transportation cost was $472,309 and the benefit was $227,691.

It therefore appears that the most promising location for both capacities is at Pine, with a maximum benefit,
based on demand estimates, obtained for a capacity of 100,000 m2 per year. The best strategy is probably first
to open a plant there with a capacity of 50,000 m2 and then if the demand predictions prove to be true to
expand it to a capacity of 100,000 m2.

Mathematical formulation†

For a mathematical formulation of the problem, it is necessary to denote the parameters of the system and
the decision variables. The parameters of the system are as follows:

i = 1, 2,…, n—the candidate sites for the plant location
j = 1, 2,…, m—the locations of demand centers
Rj = the annual demand quantity at the center j
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Pj = the price per unit of alternative (conventional) technology at j
k = 1, 2,…, u—the production capacity levels
Qk = annual production capacity of plant at level k
cki = the direct production cost (labor and materials) per unit in a plant operating at location i with

capacity level k
bij = the transportation cost per unit between locations i and j
aki = the annual indirect cost of operating a plant at location i with a capacity k

Its decision variables are:

Xij = the amount of product shipped per year from plant at location i to a demand center j
Yki = the capacity and location indicator, Yki=1 if a plant of capacity k is located at i, and Yki=0 if

otherwise

By following the approach outlined previously, the optimal capacity and location will result in the highest
annual net benefit V (income less cost) to the owner. Consequently,

(11.2)

As can be seen, the net benefit is derived from the total income less the costs of operation (indirect cost),
less the production (direct cost), and less the transportation. The decision variables must comply with the
following constraints:

(11.3)

which implies that the total demand Rj at each demand center j cannot be exceeded by supply;

(11.4)

which means that the total supply from any site i cannot exceed the capacity of the plant (if any) operating at
this site.

(11.5)

that is, only one plant can be established in one of the available sites i.

(11.6)

(11.7)

†This section may be omitted by readers not interested in the theoretical aspects of the location problem. 
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The last two constraints define formally the nature of the decision variables, that is, that the variable Y can
obtain only values 1 or 0 and that variable X must be positive.

The model (11.2)–(11.7) can be solved for optimal values by a simple enumeration of the available
candidate sites i=1,…, n, and of the feasible capacity levels k=1,…, u, for each site, as was done in the
example in Section 11.4.

The simple case of the owner’s decision regarding establishment of a single plant may be extended to a more
involved problem of simultaneous establishment of several plants on behalf of a private or a public owner.
The formulation of the problem will be the same as before, except for constraint (11.5), which will be
relaxed. An example of such an application is discussed in the next section. Various mathematical location
models are presented in Ref. [1] and other sources.

11.5
Planning of the prefabrication industry

General description of the problem

The location problem of a single plant was discussed in the previous section. A similar approach may be
applied to the location of several plants or to a longrange planning of a whole prefabrication industry on a
national or regional basis. The planning may be performed by a public authority, which exerts a certain
measure of control over the development of the building sector, through direct intervention or indirect
financial incentives. It may involve a region that already has some operating plants or a region where such
industry does not yet exist. It will then be necessary to determine the number, the location, the nature of
production, and the capacity of the various plants to be established.

The objective of the planning will be to satisfy the demand for prefabricated elements at maximum
benefit to the society, as perceived by the decision makers.

The planning must satisfy various requirements, or constraints, as it was in the case of a single plant. The
plants must supply the demand at the various locations, as specified by the planning authority. Other
constraints may define minimum or maximum plant capacities at some or all locations, may stipulate
preferred locations for plant establishment, or may limit the total investment in plants. These and other
constraints must be satisfied in the various planning solutions and for this purpose can be incorporated in
the mathematical formulation of the problem in a similar fashion to what was done in Section 11.4.

The economic parameters, which will be taken into account in the decision-making process, include, as in
the single plant case, the direct and indirect production costs dependent on plant location and capacity,
transportation costs of precast components between prospective sites and the demand centers, and various
indirect benefits to the local community of plant location at different geographic sites.

The calculation of these parameters, in public ventures, may differ in some cases from their assessment
by a private entrepreneur. They will be assessed by their “social costs” rather than market prices. The social
cost of a resource is its value for an alternative use. Under conditions of a competitive market with a price
of resource determined by a free demand and supply, the social cost of resources will be the same as their
market price. Under various conditions of institutional regulation, such as minimum wages, subsidies, and
taxes, there may be considerable differences between social costs and market prices of resources. For
example, in a region with a high degree of unemployment, the actual wages paid to workers, who would
otherwise be unemployed, do not necessarily reflect the cost of their work to society. The measurement of
costs and benefits in public projects is discussed in Ref. [4] and other sources.
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The location and capacity problem may be solved by first dividing arbitrarily the whole country or region
into supply areas, each one to be served by a single plant. Then the location and the capacity of each plant
can be determined with the procedure outlined in Section 11.4. The division into supply areas may be
performed in such a manner that the demand in each of them can be satisfied by a plant of a reasonable size,
and that the transportation distances will not be excessive. A reasonable size of plant may be considered as
one with an output of 600–1200 dwelling units per year (i.e., about 20,000–40,000 m3 of concrete cast per year)
and with transportation distances not exceeding 50–100 km.

Such a procedure, suggested in Ref. [6], will provide, in most cases, a good solution, but not necessarily
an optimal one, since the location of plants and their capacity will depend on the division of the whole
region into the supply areas. Also, in some cases it may be advantageous, due to economies of scale, to
establish large plants serving distant locations, and in others it may be preferred to locate a plant, even with
a reduced size, close to its supply destinations in order to save transportation costs. Sometimes, several trial
divisions, each resulting in a different allocation of demand to plants, may produce ultimately a very
satisfactory solution. Alternatively, an optimal solution could be sought with the aid of a mathematical
model.

The planning problem becomes even more involved if it must consider possible changes in demand over
the plant’s service life and also, as it may happen, take into account an existing infrastructure of
prefabrication plants of different ages and capacities. A planning process of this type, which was performed
for the Israeli Ministry of Housing and described in Ref. [7], is briefly reviewed here.

Formulation of the problem†

The problem of long-range planning of a prefabrication industry was defined in the particular case described
in Ref. [7], as supplying the total demand for prefabricated elements over the planning horizon (the years
1980–1990), with minimum decision-dependent production and distribution cost. The decision variables
were the number, location, and capacity of prefabrication plants—both existing and new.

It may be noted that the problem was defined here as one of cost minimization rather than benefit
maximization, as in the single plant case. This amounts to the same result whenever the demand to be
supplied is specifically defined and not subject to profit maximization decisions.

To arrive at a solution, the parameters of the system have been defined, in a similar way as for the single
plant case, in Section 11.4; namely:

i = 1, 2,…, n—the geographical locations of existing plants and of possible sites for new plants
j = 1, 2,…, m—the geographical locations of demand centers (groups of construction sites)
Rj = the annual demand quantity at center j
k = 1, 2,…, u—the defined production capacity levels
Qk = the annual production capacity associated with level k
Ci = the direct production cost per unit of output in a plant operating at location i (it was assumed that

production technology and cost were, in this case, independent of plant capacity)
bij = the transportation cost per unit between locations i and j
aki = the annual indirect cost of operating a plant at location i with a capacity k. The indirect cost was

calculated in a different manner for new and existing plants, as explained later

The system variables were defined as follows:

272 INDUSTRIALIZED AND AUTOMATED BUILDING SYSTEMS



Yki = a bivalent variable with a value of 1 if a plant of capacity k operates at i (otherwise with a value
of 0)

Xij=the annual quantity of production supplied to j from plant at i
The total system cost C to be minimized was obtained from

(11.8)

subject to the following constraints:

(11.9)

that is, the demand at every center j must be supplied;

(11.10)

that is, the total output of a plant at any location i cannot exceed its established operational capacity k,

(11.11)

that is, every plant can have only one definite capacity:
(11.12)

(11.13)
Constraints (11.12) and (11.13) formally define the system variables Yki and Xij.

The model assumes, for the sake of simplicity, a constant demand Rj within the time period under
consideration. A certain adjustment was required when dealing with an extended planning horizon, which
allows for changes in demand. This problem is discussed later.

Evaluation of demand

The expected demand for precast elements in Israel was based, in this study, on the general forecast of
demand for buildings in the planning horizon, and an estimate of the expected share of prefabrication in the
total demand.

The total demand for buildings in the planning horizon—the years 1980–1990—was estimated for this
purpose by two independent methods:

1 Extrapolation of past trends (built area versus time) with the aid of regression analysis.
2 Analysis of needs (in terms of built area), based on expected population growth, obsolescence of

existing buildings, possible change in living standards, and anticipated immigration rate. Due to the
uncertainty of these factors, the needs were obtained as a range of values between the anticipated
minimum and maximum. The results are presented in Table 11.2. 

†This section may be omitted by readers less interested in the theoretical aspects of the planning process. 

LONG-RANGE PLANNING OF PREFABRICATION 273



The share of prefabrication in the total demand was determined for two alternatives:

1 The minimum alternative which assumed the current at the time share of industrialization in Israel.
2 The maximum alternative derived from analysis of the maximum industrialization potential in the

various types of building.

The resulting demand for both alternatives and three planning stages— 1980, 1985, 1990—are presented in
Table 11.3.

These values were subsequently used to establish the local demand parameter Rj as defined before. For
this purpose, the total populated area of Israel was divided into m=25 units of 10 km×10 km each (only
units including at least 0.75% of the total demand were considered). The demand in each unit was then
evaluated from the total, based on anticipated population dispersion at the various stages.

Analysis of alternatives of new plants

This step consisted in identification of possible sites for new plants and the analysis of their operating cost
for the various production capacities. All the unit areas, as defined for analysis of demand, were also
considered as potential sites for new plants.

Subsequently, a plant model for analysis of production costs was devised on the basis of the “field plant”
technology employed at the time by the majority of prefabrication plants in Israel. This technology was
described in Chapters 5 and 6.

Table 11.2 The demand for buildings in Israel in the planning horizona

1980 1985 1990

Residential Other Residential Other Residential Other

Extrapolation of trends 5,800 1,900 6,600 2,000 7,500 2,100

Analysis of needs 4,200 (min) 1,800 (min) 4,700 (min) 2,000 (min) 5,200 (min) 2,200 (min)

5,200 (max) 2,200 (max) 5,800 (max) 2,400 (max) 6,400 (max) 2,700 (max)
aIn thousands of m2 of gross area.
Source: Warszawski and Ishai [7].

Table 11.3 The demand for prefabricated elements in Israel in the planning horizona

1980 1985 1990

Minimum 210,000 240,000 270,000

Likely 240,000 420,000 600,000

Maximum 260,000 600,000 940,000
aIn m3 of concrete,
Source: Warszawski and Ishai [7]. 

The quantity and cost of the various resources (facilities, equipment, personnel, know-how) were
established for each production level k, which was defined in this study as follows:

k Q (m3 per year)
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1 17,100
2 34,200
3 51,300
4 68,400

These levels corresponded roughly to production capacities of 500, 1000, 1500, and 2000 average dwelling
units per year.

Indirect cost

The components of an indirect cost aki in a prefabrication plant operating at location i with capacity k are as
follows: investment cost, maintenance, indirect labor, and other expenses. Investment cost is the capitalized
investment in all the major assets (facilities, production resources, inventories, know-how) over the total
economic life of the plant. The investment cost  for a plant of capacity k, operating at location i, was
calculated as explained in Chapter 10:

(11.14)
where Pki=present worth of all investment in assets over the total life of the plant at i with capacity k

Lki=the salvage value of plant at i with capacity k at the end of its economic life

and economic life n of the asset, as defined in Chapter 10.
The investment analysis in this study was performed assuming r=10% and n=10 years.
Maintenance cost (for location i and capacity k) was determined from

(11.15)
with Pki an investment in asset,  its annual maintenance cost, and � m the prevailing rate for each type of
asset varying between  for buildings and  for handling equipment.

Indirect labor cost  was calculated from the organization setup of the plant and included all wages
paid for personnel not involved directly in production, such as managers, clerks, and storekeepers.

Other indirect expenses  included energy, taxes, and various services. They were itemized and
evaluated.

All the above components were assumed, in this study, as independent of the selected location. An
additional factor, which was considered within this context, was the indirect economic benefits accrued to a
community from an industrial plant operating in its vicinity. The exact evaluation of these benefits proved
very difficult, considering the various socioeconomic factors involved. It was therefore decided to measure
these benefits through the capitalization of the financial incentives (grants, subsidies, low-interest loans, tax
exemptions, etc.) awarded by the government to the entrepreneurs in the various development zones of the
country. Subsequently, they were considered as a negative component of the indirect cost.

The indirect costs for new plants are shown in Table 11.4.
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Direct cost

It was assumed in this study that the direct production labor costs were independent of the plant location and
its capacity. This was found true for Israel, where the small size of the country and uniformity of production
methods justified this assumption. It may not be true in other cases. It was also assumed that the cost of
materials at source is the same for all plants, which again is approximately true in Israel. The generality of
the methodology is not affected by this assumption since the data could have easily been adjusted for the
different conditions.

Since the costs of direct labor and of materials, at source, were not affected by location and capacity of
the plants, they were omitted from the analysis. The direct cost component ci therefore included only the
transportation expense of the raw materials to a prospective plant location, from its nearest source.

The results of the direct cost analysis are presented in Table 11.5.

Survey of the existing prefabrication industry

The survey involved all existing prefabrication plants in Israel producing precast panels—slabs, bearing
walls, exterior walls, and partitions.

The survey in each plant involved the main fixed production resources, namely, batching plant, forms for
the various elements, materials handling

Table 11.4 The indirect cost of new plantsa

Production capacity

Q=17 100m3 Q=34 200 m3 Q=51 300 m3 Q=68 400 m3

Investment cost 2,270,000 3,675,000 5,382,000 6,915,000

Maintenance cost 717,000 1,178,000 1,735,000 2,246,000

Indirect labor cost 1,644,000 2,204,000 3,084,000 3,852,000

Other expenses 149,000 263,000 378,000 491,000

Total indirect cost 4,780,000 7,320,000 10,579,000 13,504,000

Indirect benefit 17,500–21,000 29,000–35,000 39,000–47,000 49,500–59,500
aIsraeli lira (IL) per year in 1977 prices.
Varying with development zone.
Source: Warszawski and Ishae [7]. 

Table 11.5 The transportation costa

Transportation distance

The first 10 km Each additional 10 km

Finished elements (plant to site)

Basic cost 25 22

Extra cost in urban areas 9 9

Extra cost on mountain roads 5 5

Raw materials (source to plant)

Basic cost 39 23

Extra cost in urban areas 6 3
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Transportation distance

The first 10 km Each additional 10 km

Extra cost on mountain roads 6 3
aIL/m3 of concrete in 1977 prices.
All materials necessary to produce 1 m3 of concrete.
Source: Warszawski and Ishai [7].

equipment, and stockyard area. The state and annual production capacity of each resource were evaluated.
The organization structure of each plant was also investigated.

The existing production capacity Qex and the total indirect cost of operating the existing plant at each of
the planned capac ities, k=1, 2, 3, 4, were evaluated. For this purpose, an investment Pki, necessary to bring
the plant to each production capacity k, was calculated. The calculation followed the procedure explained in
Section 11.4 for new plants, except that past investment which could not be recouped even when closing the
plant was considered as sunk cost, irrelevant for future decisions and accordingly excluded from the
analysis. The investment Pki was therefore calculated as a sum of two components: the extra investment
necessary to bring the plant to a desired capacity Qk (if Qk>Qex), and the present worth of future
investments necessary to replace the aging existing assets.

For capacities below the existing production level (Qk<Qex), it was assumed that the idle assets (due to
underemployment) have no salvage value and that the reduction in present indirect personnel is involved
with a severance expense. The extreme case of a total plant shutdown was evaluated accordingly.

The total indirect costs, calculated for each existing plant, at the various capacities are shown in
Table 11.6.

The solution of the model

The model of a distribution system for prefabricated elements which was presented in the previous sections
assumed a fixed demand Rj at the various locations j.

It was pointed out that the actual situation was much more complex due to the dynamic nature of the
demand, which was expected to change with time. Three stages of development were evaluated to account
for the anticipated change. Another difficulty was associated with the uncertainty with regard to the actual
scope of demand quantity in the various stages, which was therefore evaluated in several alternatives.
Solution of the problem by means of a dynamic 

Table 11.6 The indirect production cost of existing plantsa

Production capacity

Number Location Shutdown cost Q=17 100 m3 Q=34 200 m3 Q=51 300 m3 Q=68 400 m3

1 Lod 233,500 3,640,500 5,220,500 8,001,500 10,460,000

2 Ashdod 233,500 3,640,500 5,220,500 7,227,500 b

3 Yavneh 126,500 3,519,000 5,702,500 8,606,500 11,081,500

4 Atarot 126,500 3,519,000 b b b

5 Ashkelon 233,500 3,640,500 5,220,500 7,761,500 10,111,500

6 Holon 159,000 3,530,500 5,144,500 7,436,000 10,299,000

7 Sderot 162,500 3,379,500 4,849,000 7,949,000 9,741,500

LONG-RANGE PLANNING OF PREFABRICATION 277



Production capacity

Number Location Shutdown cost Q=17 100 m3 Q=34 200 m3 Q=51 300 m3 Q=68 400 m3

8 Carmiel 166,500 3,371,000 4,848,600 6,988,000 9,579,000

9 Arad 166,500 3,371,000 4,848,500 7,687,000 10,001,500

10 Petach Tikva 161,500 3,544,500 5,263,500 b b

11 Haifa 140,000 3,500,000 5,700,000 8,600,000 11,000,000

12 Bnei Brak 40,000 4,479,000 6,975,000 10,508,000 13,612,500

13 Jerusalem 45,000 4,490,000 b b b

14 Holon 140,000 3,500,000 b b b
a IL/yr in 1977 prices.
b This capacity could not be attained because of various local constraints.
Source: Warszawski and Ishai [7].

model of a type presented in Ref. [8], for the various combinations of alternatives, would have proved so
complex and cumbersome as to make it entirely impractical. For this reason a different strategy was
employed which called for the following steps:

1 Grouping the various demand alternatives in each development stage into four main levels.
2 Solving the problem for each level independently.
3 Determination, on the basis of the partial solutions attained for each stage, of one dynamic

interdependent solution for the whole planning period.

The demand alternatives were accordingly grouped into four expected levels as follows.

A—240,000 m3 of precast concrete (equivalent to about 8000 dwelling units), which represented a
likely demand in 1980, and also a minimum demand in 1985.

B—420,000 m3 of precast concrete (equivalent to about 14,000 dwelling units), which represented
the likely demand in 1985.

C—600,000 m3 of precast concrete (equivalent to about 20,000 dwelling units), which represented
the maximum demand in 1985, and the likely demand in 1990.

D—940,000 m3 of precast concrete (equivalent to about 31,000 dwelling units), which represented
the maximum anticipated demand in 1990.

Solution of the mathematical model for each of the demand levels involves n=25 possible plant location sites,
m=25 demand centers, and k=4 production capacities, which in turn introduce 100 variables of the type Yki

and 625 variables of the type Xij.
The mixed integer optimization programs available at the time of the study proved inadequate to handle a

problem of this size. To cope with this, two heuristic algorithms were developed and tested within the
course of this study [7]. The algorithms were applied to each demand level independently.

The solutions obtained in this manner, for each level, are presented in Table 11.7, under the heading
‘independent solutions’.

An integrated multistage solution for the system development over the whole planning horizon was
obtained from the separate solutions by introducing several minor adjustments. The guiding principle was to
base the system, in the initial stage, on the solutions obtained for stage A and expand it gradually, by
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increasing capacity and adding plants into stages B, C, and D, staying as close as possible to the solutions
obtained independently for these stages (in the former step). The outcome is presented in Table 11.7 under
the heading “adjusted solution.”

The plan obtained in this manner was obviously desirable from the economic viewpoint, considering all
the factors taken into account during the analysis. Although the intangible benefits of establishing new
plants were taken into account, it was realized that not all socioeconomic disadvantages of closing or
reducing production of existing plants could be evaluated. It was therefore decided to solve the problem
once more, this time, however, maintaining all the major existing plants (plants 1–9 in Tables 11.6 and
11.7) at least at the minimum production level, that is, with an additional constraint

Table 11.7 Operating capacities of plants at the various demand levelsa

Independent solutions for each
level

Adjusted solutions for each level Constrained solutions for each
level

Numb
er

Locati
on

A B C D A B C D A B C D

Existing plants

1 Lod 4 4 4 4 2 4 4 4 1 4 4 4

2 Ashdo
d

– – – – – – – – 1 1 1 2

3 Yavne
h

– 2 4 4 2 2 4 4 1 2 2 4

4 Atarot 1 1 1 1 1 1 1 1 1 1 1 1

5 Ashke
lon

– – – – – – – – 1 1 1 1

6 Holon 3 4 4 4+1 3 4 4 4+1 2 4 4 4

7 Sderot – – – 2 – – – 2 1 1 1 1

8 Carmi
el

1 2 3 4 1 2 3 4 2 2 2 4

9 Arad – – – – – – – – 1 1 1 1

10 Petach
Tikva

2 2 2 2 2 2 2 2 1 2 2 2

11 Haifa 2 3 4 4 2 3 4 4 1 3 4 4

12 Holon – 1 1 1 1 1 1 1 1 1 1 1

13 Bnei
Brak

– – 4 4 – – – – – – – –

New
plants

14 Beer
Sheva

1 2 2 3 – 2 2 3 – – 2 2

15 Jerusa
lem

– 2 4+1 4 – 2 4 4+1 – – 3 4+1

16 Nazar
eth

– – – 2 – – – 2 – – – 2

17 Kfar
Saba

– – – 4 – – – 4 – – – 4
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Independent solutions for each
level

Adjusted solutions for each level Constrained solutions for each
level

Numb
er

Locati
on

A B C D A B C D A B C D

18 Holon – – – 4 – – – 4 – – – 4

19 Lod – – – 1 – – – 1 – – – –

20 Ramat
Gan

– – – – – – 4 4 – – 4 4

Total cost
(million IL)

67.7 1 113.4 160.8 257.3 68.5 113.4 162.1 259.4 81.9 1 124.9 172.1 262.7

Extra cost
(million IL)

– – – – 0.8 – 1.3 2.1 14.2 11.5 11.3 5.4

Extra cost (%) – – – – 1.2 – 0.8 0.8 17.3 9.2 6.6 2.0

“Demand levels (A, B, C, D) and capacities (1, 2, 3, 4) as defined in the text.
b1977 prices.
Source: Warszawski and Ishai [7]. 

for each i corresponding to an existing major plant.
The solution obtained in this manner, and shown in Table 11.7 under the heading “constrained solution,”

could advise the political level about the extra economic cost involved in this decision. It seemed that the extra
cost in this case was justified, considering the possible adverse effects associated with the other alternative.
If needed, the problem could be likewise constrained for each existing plant separately, indicating the
consequent marginal cost in each case.

The geographic setup of the plants to be activated at each stage for the two alternatives (unconstrained
and constrained) is presented in Ref. [7]. The operating capacities of plants for the various solutions at the
planning stages are shown in Table 11.7.

In two instances it was found that a supply of a quantity exceeding level k=4 from a given location is
highly advantageous with respect to other solutions. Considering the fact that each location represented an area
of 10 km×10 km, it was decided to add there an extra plant of a required capacity, as shown in Table 11.7.

Two important comments must be added with respect to the planning analysis presented above.
The first has to do with the planning horizon. The planning involved a span of 10 years and was

obviously based on the optimal information available at that time. However, by no means should it be
considered as a binding framework for the entire period. Preferably, such a plan should be updated
periodically—say, every 1–2 years—based on new estimates of demand and possible changes in the setup
of existing plants.

The other involves the aggregate measure of concrete volume for the assessment of production capacity of
the present and future prefabrication plants. This approach is justified either if the demand for elements
systems is fairly homogeneous (as was the case in the described study), or if it can be assumed that the
plants will be engaged in the production of all types of element in conformance to the demand in their
vicinity. Otherwise, a separate study of demand and supply must be conducted for each type of system
produced—for example, planar or skeletal.
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11.6
Summary and conclusions

The decisions about the location of a prefabrication plant and its output capacity affect, to a large extent, the
efficiency of its operation over the entire service life.

These decisions depend on various factors associated with the geographic region under consideration, the
communities within it, and the available physical sites for plant location in each of them.

The regional factors include the nature of demand for prefabricated elements—its volume distribution
and stability, the existence, nature, and location of other precasting enterprises, the location of sources of
raw materials and their prices, the price and quality of conventional construction, the network of roads and
railways in the region, and the cost of transportation on them.

The community factors involve the business environment—laws, regulations, taxes, incentives, costs of
services and utilities, and availability of labor. They also involve the quality of life in the community, its
cooperative attitude, and attractiveness to potential employees.

The site factors involve the topography, physical dimensions of available lots, their price, access, and
environmental quality.

The combined influence of the various factors can be assessed in subjective terms, or through a
consistent weighting procedure, or through economic evaluation of the cost and benefits of each competing
location. The key factor for any type of decision is the nature of demand in the region under consideration.
The demand is derived from an estimate of the total demand for buildings in the region, the maximum
amount of prefabricated elements which could be used in their construction, and the share of this maximum
which will actually be supplied by prefabricated elements. If other prefabrication plants are also operating in
the same area, it may be assumed that the demand will be divided between them more or less evenly, if
there is no considerable difference in their transportation distances to the demand areas and if there is a
similarity in their products.

Other than demand, economic parameters that must be considered in the location and capacity selection
are the direct production costs—labor and materials (if they are affected by this decision)—the indirect
production costs—depreciation and interest on investment, maintenance and administration, indirect
economic benefits to the community from plant operation, transportation costs of elements to the erection
sites, and the price of competing products—if not taken into account in evaluation of demand. The planning
procedure evaluates, in an orderly manner, all prospective location sites and production capacities and
selects the combination of plant location and capacity resulting in maximum economic benefit to the sponsor.

A similar procedure may be applied in the case of a comprehensive prefabrication planning on a regional
or on a national scale. Such planning may involve the number, location, and capacity of new plants, and also
decisions about operation, shutdown, and expansion of existing plants. It may be guided by obtaining a
maximum benefit to society, as perceived by the decisionmakers, or by the most efficient satisfaction of a
given demand for prefabricated elements, that is, their production and distribution to the erection sites. The
planning may be subject to various constraints, such as the minimum and maximum capacity levels at
various locations, required operational levels at existing plants, and maximum available investment. The
planning must take into account the dynamic nature of the demand, that is, its variations over time due to
various economic and demographic factors. It must be periodically updated, based on current information,
and differentiated, with respect to various elements systems, if the demand or supply are not homogeneous
in this respect. 
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Assignments

11.1 Find the most appropriate site for a prefabrication plant in your locality, considering the general
conditions at candidate sites, the access roads, the infrastructure, and the proximity to prospective
building areas.

11.2 Prepare a demand estimate for precast floor slabs and exterior wall panels in your region. You may
base the estimate on available statistics about the physical building output in the demand area. You
may also assess the distribution of output, if unavailable otherwise, from the distribution of
population in the region.

11.3 Find the most appropriate location for a prefabrication plant in your region, based on the demand
estimate in assignment 11.2.

11.4 Find the most appropriate location for two prefabrication plants (operating simultaneously) in your
region, based on the demand estimate in assignment 11.2.
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Chapter 12
Automation in a Prefabrication Plant

12.1
Introduction

The preceding chapters have paid particular attention to the benefits—labor savings, faster construction, and
improvement of quality—brought about by industrialization of the building process. As will now be shown
these can be further enhanced in many cases by automation of the building process.

In the context of this book we define automation as the capacity of a machine to execute a sequence of
preprogrammed, autonomous activities. This definition covers a wide field of applications. In the process of
building realization it may be applied to:

• Design of buildings
• Production of building elements in a factory
• Construction of buildings
• Project control and administration

This chapter deals with the automation of production in a prefabrication plant. The subsequent chapters—
13, 14 and 15—deal with the possible application of robotics to building construction onsite. Chapter 16
deals with the future trends of industrialization and automation in building in the context of a
comprehensive, “holistic” approach, which integrates the conceptual design of a building, the detailed
design of its elements, their production in a plant, and assembly onsite, in a comprehensively automated
process.

Automating production in a prefabrication plant is approached here from a functional rather than technical
viewpoint. The chapter dwells on the elements of an automated prefabrication system and explores the
benefits of automation in terms of productivity, quality, and flexibility of the process. 

12.2
Automation in building

The definition of automation in the introduction encompasses all autonomous, preprogrammed activities
performed by computers or by computer-driven machines. It includes computerized design, automated
production, robotization, and automated office tasks.

In a narrower sense the term automation is often applied to preprogramming of the physical aspects of
production. In manufacturing this applies to the processing of materials or parts: their connecting, grinding,



painting, etc., and possibly also their transfer between various workstations. In construction it may include
the transfer of materials or building elements to their designated location, attaching them to the existing
structure, and finishing them as required.

Automation must be superimposed on a mechanized facility, i.e. a facility whose parts are propelled by
an actuator: a motor or several motors.

In simple cases automation can follow an “open loop” principle: preprogrammed instructions are issued
to an actuator, without subsequent monitoring of its operation.

However, in most cases, automation is associated with the concept of a “closed loop” system. Under this
concept, as shown in Fig. 12.1, the machine, or one of its parts, receives an input (an instruction to perform
a certain activity) which it transforms into an output (a physical action). The action is measured by sensors
(devices which transduce some aspects of the energy generated in the process into measurable units of
output). A control mechanism can then compare the actual output to its designed value and call for
corrective action, if required.

An example of the closed loop concept is a wheel rotated by a motor at a specified velocity. An input
from a control mechanism directs the motor to exert a torque, necessary for obtaining the required velocity.
A sensor measures some aspects of wheel movement from which its velocity can be inferred. If the
measurement shows that the desired velocity is not attained, the control mechanism can modify the activity
of the motor accordingly.

An automated production system usually includes therefore the following components:

• Tools for execution of a specified task.
• Actuators, which can exert force and activate the work tools. 
• Sensors, which measure physical attributes of the system performance and send appropriate signal to the

control mechanism.
• A control mechanism, which monitors the work of the actuators and modifies their performance.

The technology employed in these components is explored in detail in Refs. [4, 6, 19], and other sources.
The following sections deal with the functional aspects of automation of a prefabrication process.

Technological features of automation are explored in Chapter 13 in the context of robotics.
Robots—automated manipulators can be employed at fixed workstations in a prefabrication plant or in

construction work onsite.
The main benefits of automation in a prefabrication plant are the saving of labor in design and production,

and the flexibility of adaptation to different building designs: the system can change from one series of
elements to another, at no cost, or at a minimum adaptation cost. Adaptation, in a conventional system,

Figure 12.1 The closed loop system 
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involves the design of each element and the adaptation of molds for its manufacturing. An ideal system will
perform both functions automatically with two integrated subsystems—one, computerized, for processing
of design information and the other, fed by this information, for automated control of manufacturing
equipment. Such integration is often called CIM (computer integrated manufacturing), or CAD/CAM
(computer aided design/computer aided manufacturing).

A conceptual presentation of an ideal, fully automated CAD/CAM prefabrication system is shown in
Fig. 12.2. The main elements of such a system are already employed in various prefabrication plants and are
described in Refs. [10, 12, 14, 20, 24] and other sources. It includes, as mentioned before, two groups of
information processing activities: one associated with computer aided design and production planning and
the other with computer aided manufacturing. These will now be explored.

12.3
Computer aided design and production planning

Computer aided design and planning includes the following tasks:

1 Input of architectural design.
2 Preestimating.
3 Outline of the elements.
4 Detailed design.
5 Production planning.

Input of architectural design

The architectural design—the basis for the elements to be produced—is usually prepared by the client or his
architect. The design includes the geometric features of the facility to be built—its layout, structural
supports, and elevations — and additional information regarding special fixtures, finish works, etc., to be 
included in the precast elements. In some cases it may be chosen from standard designs offered by the
prefabrication company, or prepared in consultation with the company’s engineer in accordance with the
constraints of the plant production resources.

The design may be prepared in a computer readable form—a disk or a tape —or entered manually
through a drafting interface that conforms with the software employed.

Preestimating

Preestimating is done to obtain preliminary cost data, either for price quotation or for analysis of
prefabrication alternatives. It is done separately for each type of building element in view of their total area
(at this stage the design is not yet partitioned into separate elements), type, location, and several other key
parameters, such as load and span (for structural elements), type of finish (for decorative elements), type of
fixtures, or other requirements. The cost is calculated from these parameters with the aid of an appropriate
database, as explained in Section 8.2. The quoted price of an order is calculated from its cost by adding profit
and financing expenses.
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Figure 12.2 The CAD/CAM planning and control of prefabricated production 
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Outline of the elements

At the preliminary design stage the system determines the geometric outline of the different elements to be
produced for the order. This is done by dividing each relevant part of the building—its floors, interior, and
exterior walls—into single elements to be produced by the system. The output of this stage is the basis for
the subsequent detailed design of each element, and also for their production and erection plans.

The floor slab elements are delineated in light of the architectural layout— the perimeter of the floor, the
structural supports and the openings, and the constraints of the prefabrication system to be used—the
dimensions of the elements and their support requirements (as explained in Chapters 2 and 3). The exterior
and interior wall elements are delineated for each story on the basis of the elevations of the walls to be
divided, the location of adjacent walls, the system constraints with regard to wall elements, and possible
architectural requirements with respect to the location of visible joints (especially when dealing with exterior
walls). Delineation of column and beam elements is based on similar principles.

The delineation of the elements to be precast can be done manually through a drafting interface, or in
conjunction with a graphical database of various element types, as offered in Ref. [8]. Automatic generation
of the elements outline by application of artificial intelligence, is explained in Chapter 16.

At this stage of the design work the elements can already be assigned to delivery batches—each batch on
a separate carrier—in due consideration of their size, weight, and the sequence of assembly. 

Detailed design

The output of the detailed design are production drawings of the elements needed: for forming, for the
reinforcement to be produced, for the materials to be used, and for the different fixtures to be inserted. The
design can also be used for the preparation of a detailed estimate and for the allocation of resources to each
element. The detailed design can be generated automatically for each element with an appropriate
knowledge-based system, as explained in Chapter 16.

Production planning

Production planning determines the timing of production of the different elements and their allocation to
production molds. The general planning premises are the required delivery dates of the various orders, the
capacity of the system, and possible other constraints which may exist with respect to some types of
elements. In more specific terms, the timing and the selection of a production mold for each element are
determined in view of the following parameters: the delivery date, the availability of appropriate molds, the
delivery dates for other orders, the cost of adaptation of the mold (which in the case of automated
prefabrication is insignificant), the storage costs, and the availability of matching end frames.

Algorithmic approaches to production planning are discussed in Chapter 7 and are also reviewed in Ref.
[5].

12.4
Computer aided manufacturing

Once the design information is available and the production schedule has been planned, manufacturing can
commence. Automatically controlled activities may include:
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1 Preparation of the mold, i.e. placement of side frames, and various fixtures to be inserted before
casting.

2 Preparation and placing of reinforcement.
3 Mixing, transfer, and casting of concrete.
4 Vibration of concrete.
5 Curing of concrete.
6 Stripping, and demolding of the cast elements.
7 Cleaning of the mold.
8 Additional special finishing activities.
9 Circulation of molds.

Most of these activities can be robotized, as explained in Chapter 13. The use of specialized, automated
equipment for each activity is easier if this equipment is installed at fixed stations and the molds are placed
on circulating pallets, as shown in Fig. 12.3 for a typical plant. Operations in this and similar plants are
described in Refs. [10, 12, 14, 20, 24, 25], and other sources, and they will be reviewed here. 

A pallet may serve one or more molds, and its size is determined accordingly. Each pallet is typically 3–5
m wide and 6–13 m long, depending on the number of molds it may house. Larger pallets save handling
time, especially in compact curing chambers, and allow more flexibility in combining elements assigned to
them. The elements can be assigned to the pallets in such a manner that the duration of their processing time
at each workstation will be similar.

Figure 12.3 Schematic representation of an automated plant with rotating pallets (Koerkstol 2000)
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Preparation of the molds

Placement of frames and fixtures can be done by a robot, as described in Ref. [24]. In the Weckenmann
system, shown in Fig. 12.4, the robot first plots the location of frames and fixtures on the mold according to
data received from the element’s design, and then places magnets, which attach the frames to the mold (in
some systems the frames are attached to the pallet by glue rather than magnets). Later it picks the frames of
desired length and places them as required for the particular element to be produced. The frames are stored
in the magazines according to their length and other characteristics, which allows the robot to find them
when needed.
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Plotting the location before placement adds flexibility to the system, by allowing some forms (usually
nonstandard forms) or fixtures to be placed manually, saving the time needed for measurement, and
ascertaining the accuracy of the process. 

The various operations—plotting the location, placement of magnets, and placement of frames—are
interrelated and are controlled by the same program.

Preparation and placing of reinforcement

The reinforcement for the elements is first prepared, i.e. cut and bent in a separate on-line station, and later
placed in the mold. The preparation of reinforcement requires, therefore, the following automated activities:

Figure 12.4 A forming robot (Weckenmann): (a) the robot; (b) the magnet and the mold framing detail
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• Selection, cutting and bending of bars. This is done by an automated machine which draws the steel from
coils, cuts it, and bends it, according to design. 

• Routing of the bars to placement stations. For the sake of speed and simplicity the placement of
reinforcement can be divided into several stations (as shown in Fig. 12.3), with different pattern or
reinforcement executed at each station.

• Placement of the bars at each station. The bars may be placed in the formed molds by a robot (Fig. 12.5)
or some other automated device. Automated preparation of reinforcing steel is examined in Refs. [2, 13, 18].

Mixing, casting, and curing of concrete

Casting of concrete requires preparation of a mix specified in the design. The mix is prepared by selection
of ingredients from appropriate aggregate and cement bins located at an automatically controlled batching
center.

Automated placement of concrete requires an attention to the configuration of the framed element and
possibly to its window or door openings. Advanced spreading devices may use several types of concrete
(from separate buckets) for different parts, or layers, of the element.

Concrete may be vibrated in the casting station, or in a separate workstation. The type of vibration is also
specified by the design.

After casting, the pallet is placed in a heating chamber for a curing period of several hours. In compact
chambers 8–12 pallets, with the elements, are stored one on top of the other. The pallets may be moved from
one place to another to maintain the order they exited the chamber, i.e. “first in-first out”. These
“housekeeping” operations are done with an automatically controlled crane.

Demolding and cleaning

The demolding of the element is done by a crane which takes it to a cart—for transfer to the stockyard—or
to temporary storage. The mold is then stripped of the end frames and cleaned. The removal of the end
frames and the magnets to storage can be done by the same robot which is used for forming.

Figure 12.5 Reinforcement placing robot (Koerkstol 2000)
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The stripping of the mold, its transfer to storage, the loading of the carts and their transfer to the
stockyard can also be done automatically.

Special activities

The system may also include on-line or off-line stations for additional finishing or quality control
operations. Such operations—painting, smoothing, brushing, acid etching, nailing—can be done by robots,
by automated machines, or manually. In Fig. 12.6 a robotized station for preparation of brick facing on
exterior wall elements is shown. The robot arranges the bricks on the bottom of the mold according to a
prespecified pattern [10]. A layer of concrete is then poured over the facing with an automatic spreader.

A special arrangement is needed if the element is composed of several layers each with its own
reinforcement. In such cases the layers can be produced in separate molds and then joined, or they can be
produced in one mold, one on top of the other. The concreting or reinforcement activities involved in adding
layers  require additional workstations, which can be located on the main line or near to it.

Automated activities which may be performed at individual workstations may also include quality
control [3, 17], surface treatment by washing and sandblasting [11], and others.

Figure 12.6 An automated station for placing of brick facing (Danilith, Belgium): (a) brick placing robot; (b) concreting
over the layer of brick 
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Circulation of pallets

Circulation is automatically controlled so that the set of pallets will move from one station to the next, only
when the work at all stations is completed. In such a system of moving molds the cycle time (the time
between moving the molds from one station to the next) is the same for all stations. It is, therefore,
determined by the production time of the slowest workstation. An efficient allocation of elements to molds,
at the production planning stage, will try to balance the time at the various workstations, so that all of them
will be continuously employed.

Control of the system

The control of an automated manufacturing system may include a hierarchy of three task levels:

1 The managerial level, where the program of operations is prepared and relayed to each workstation
(for forming, reinforcement, casting, finishing, etc.). The circulation of the pallets is also controlled at
this level.

2 The supervisory level—at each workstation—which coordinates the work of the tools activated at the
station, such as concrete buckets employed for casting of specified concrete types at the designated
parts of the mold.

3 The direct control level, which controls individual actuators or mechanical parts.

Even if full automation is technologically attainable, not all the operations in an automated system need
necessarily be done automatically. Some ill-structured operations such as attachment of special inserts,
difficult tying of steel, opening or removal of frames at stripping, etc., can be done manually in tandem with
the tasks performed by the automated system.

12.5
Other automated applications

The rotating pallets system can be used advantageously for production of regular concrete elements made of
one or more different layers of reinforced concrete. It is not suitable for production of prestressed slabs or
beams, which are usually cast on long beds (as explained in Chapter 5) and then cut to size for each of the
required elements. 

Production of a prestressed slab may involve the following automated activities:

• Casting of the prestressed slab by an extruder fed by the desired mixture.
• Plotting which elements are to be extracted from the whole slab according to the computer aided design.

A rectangular-shaped robot which can be used for this purpose is shown in Fig. 12.7. It can travel along
the full length of the casting bed.

• Cutting of concrete by an automated saw as required by the design. The saw can also travel along the
whole length of the casting bed.

• Demolding of the elements and their transfer to storage.

A similar method may also be employed for production of prestressed beams and columns.
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One of the major advantages of prefabrication with respect to conventional construction is its ability to
offer intricate shapes of exterior facades, by employment of appropriate molds. This can be attained by
applying CAD/CAM techniques.

A mold-shaping computer-controlled robot, described in Ref. [9] and shown in Fig. 12.8, can be used for
production of three-dimensional decorative exterior surfaces of elements according to design. The desired
shape can be molded in a soft wood or in polyurethane. An additional feature of this robot is that it can copy
existing ornamental shapes by using range-sensing technology, and then use them for production of a mold
for new elements of similar shape.

Another robot, also described in Ref. [9] and shown in Fig. 12.9, is being used for polishing stairs and
other irregular surfaces guided by a CAD program.

An automated system can be used for the production of elements with advanced materials and processes.
A schematic representation of the Japanese Misawa system for production of exterior walls is shown in
Fig. 12.10. The system combines advanced production technology with a high degree of automation. The
walls are made of an aerated concrete referred to as PALC (Precastable Autoclaved Lightweight Concrete)
with a density of 600 kg/m3. The production line of PALC walls includes a series of workstations connected
by a system of  conveyors. The production starts with preparation of reinforcement mesh, which is stiffened
by a steel frame and then cleaned and immersed in a coating solvent for protection against rust. The mesh is
placed in a mold with special lining adapted to the desired exterior pattern. The wall unit is cast with a
PALC slurry, demolded after a short time, sprinkled with water, and inserted into a large kiln for curing.
Later the wall panels are dried and painted with a desired color. Afterwards the panels are transferred into
another production line where they are assembled with steel plates and posts into “box modules”. The modules
are complemented with various finishing works and transported to site for erection. PALC panels are also
used as load bearing walls or as curtain walls attached to a built onsite skeleton of steel or concrete.

Automation may also be used for prefabrication of masonry walls. The walls are built from bricks or
blocks, in a factory, in preplanned segments of room size dimensions, and are later transported and erected
in the building under construction. The controlled factory environment (AIA—Ainedter Industrie
Automation) allows for automated building of walls with mortar joints, as shown in Fig. 12.11. The system
may construct the walls from a CAD-processed design which determines the dimensions of the wall segments
and location of door and window openings. A significant labor saving is obtained with this method. A
similar approach, with a different automated solution in plant, is undertaken by Anliker Co. [1].

Figure 12.7 Automated plotting (PPB, France) 
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12.6
An automated building system on a construction site

A comprehensive automated system has been employed on building sites by several major Japanese
companies (Shimizu, Takenaka, Kajima, Taisei, Ohbayashi, Fujita) and described in Refs. [16, 21, 23, 26],
and other sources. The system has been employed for the construction of tall buildings with a repetitive
configuration of floors. It employs in most cases the following principles:

1 The skeleton of the building is made of steel columns and beams. The floor slabs and exterior walls
are made of precast concrete elements.

2 The top floor of the building is erected first and is used as a “working canopy” for the lower floors.
The building is erected “top down” with the aid of the canopy. With the completion of each floor the
canopy is jacked up, as shown in Fig. 12.12, to enable the construction of an additional floor. Using
this method it is possible to create in the building the conditions of a manufacturing plant with the
necessary mechanical systems permanently attached to the canopy, and being lifted with it. 

3 The canopy enables installation of overhead cranes, which can be used for hoisting building elements
(floor slabs, exterior walls, partitions, etc.) from storage or production areas near the building. The
cranes are also used for handling of building elements on the floor under construction, and erecting
them at required locations in the building and on its envelope.

Figure 12.8 A mold-shaping robot (Partek): (a) the robot; (b) detail of the shaped mold; (c) the element cast with the mold
(bottom part of the wall)
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4 Most of the connection and finishing works on the floors—welding of connections, erection of
partitions, covering of floors and walls, etc.—are done with automated devices. The well-structured
factory environment enables a high scope of mechanization and automation.  

5 The progress of work can be monitored, to a large extent, by an automated CAD/CAM system.

An automated system such as this can significantly contribute to the increase in productivity on a building
site. Its setup cost is, however, very high. The system can be economically justified only in regular
buildings with a large number of stories, where the setup cost can be divided over a large number of work
units.

12.7
The benefits of automation

The benefits of an automated prefabrication system can be summarized as follows:

1 The system allows for the economic production of small series of elements adapted to the particular
requirements of each client. This contributes very much to the competitiveness of prefabrication with
respect to traditional construction methods.

2 A significant saving in human labor can be realized, in the design and in the production of
prefabricated elements. The saving has a particular effect on the feasibility of small production series.

3 The accuracy of the design and the production is very much enhanced. This has very important
economic implications with respect to both the cost of correcting errors inherent in any construction
work and to the quality of the product.

Figure 12.9 A surface processing robot (Partek)
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4 Automated devices—in production of concrete, steel, and fixtures—have tighter control of the
quantities of materials used in production. Consequently, the waste of material usually associated
with conventional production is very much reduced when production is automated.

12.8
Summary and conclusions

Automation can be used in prefabricated building for design of elements, for their production inplant, and
for their erection and finishing onsite. A comprehensive automated system in a prefabrication plant
combines the design of elements to be prefabricated with their physical production.

Figure 12.10 A production scheme for PALC exterior wall panels (Misawa)
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A computer aided design system accepts data relating to the architectural layout of a building and
produces an outline and later a detailed design of the elements for forming, for reinforcement, for fixtures,

Figure 12.11 Automated prefabrication of masonry walls (AIA): (a) spreading of mortar; (b) placement of blocks;
(c) erection of a prefabricated wall 
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and for mixing concrete. It also plans the production: the timing of production for each element and its
allocation to a specific pallet or casting bed.

Computer aided manufacturing of the elements, in a system of rotating pallets, includes the forming of
the molds, preparation and placement of reinforcement, mixing and casting of concrete, vibration, and
curing in a heating chamber, and later their stripping and demolding, and cleaning of the mold. All these
activities are automated and are directed by the design information produced by the CAD feature.

Automation may also be employed in production of prestressed elements or exterior elements of a particular
shape, finish, or processing technology.

Necessary conditions for comprehensive automation on a building site can be secured in tall regular
buildings with a self-lifting “canopy” which creates a factory environment on the floor erected below.

Assignments

12.1 Describe schematically an automated plant for producing exterior walls.
12.2 What functions can be automated in a plant with static (noncirculating) workstations? Choose any type

of elements and show how their production can be automated.
12.3 Review the layout and production method in one of the plants described in Refs. [10, 12, 14, 20, 24, 25].
12.4 What are the benefits and the limitations of the “top-up” method?

Figure 12.12 A schematic representation of an automated system on a building site
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Chapter 13
The Robot Technology

13.1
Introduction

A robot, as defined by RIA (Robot Institute of America) is ‘a reprogrammable, multifunctional manipulator
designed to move material, parts, tools, or specialized devices, through variable programmed motions for
the performance of a variety of tasks’.

A definition by JIRA (Japan Industrial Robot Association) is more comprehensive. It includes six levels
of robots according to the extent of their autonomy as follows:

1 Manual handling devices (manually controlled).
2 Fixed sequence robots (which can perform only a single sequence of operations).
3 Variable sequence robots (where the sequence of robot movements can be easily modified by an

operator).
4 Playback robots (which are led through the task by a human operator).
5 Numerically controlled robots (which can be preprogrammed with an external program).
6 Intelligent robots (which can interact with the environment).

It is clear that under JIRA there are devices at the lower levels that would not qualify under the RIA
definition.

Employment of robots for the performance of various tasks accounts for a considerable and growing
share of production activity in the manufacturing industries. Robots are employed today in welding,
painting, assembling, palletizing, casting and forging, loading and unloading, inspection of products, and
other industrial tasks. They are also employed in special hazardous tasks such as disposal of explosives,
work in space, under water, or in contaminated environments. Robots can perform their tasks from static
stations, or moving around on treads, wheels or legs. Special purpose, ‘intelligent’, robots can modify and
even plan their performance with the aid of artificial intelligence methods, according to the perception of
the environment obtained through sensing devices.

The number of robots employed in industry is growing at a rate of 7–10% per year. By the end of the 20th
century there will be an estimated 1 million, and 80% of these will be in just six countries: Japan (about 50%
of the total), United States, Germany, Italy, France and United Kingdom [22]. The driving forces behind the
growing demand for robots in these countries are the following:

1 Aging of production labor force.



2 Growing shortage of skilled labor.
3 Difficulty in attracting young people to manual, industrial tasks.
4 A need for higher quality and precision in manufacturing.
5 Declining cost of robotized work when compared with the cost of manual labor for the same task (3–

4% per year).

There is growing interest in the possibilities of robot employment in construction. Robots are already
employed in a number of automated prefabrication plants as noted in Chapter 12. They have been employed
also in selected construction tasks on building sites. The special problems of robots’ employment in
building construction will be explored in Chapters 14 and 15.

This chapter presents some basic concepts of robot technology as they are currently applied in
manufacturing and many other areas.

Examples of typical industrial robots are shown in Figs. 13.2–13.4. The basic attributes of an industrial
robot can be classified as follows:

1 Manipulation of objects, that is, their handing, moving from one place to another, and orienting as
needed.

2 Effecting, that is, performing the specifically required task with the necessary tool.
3 Control of the activities according to a defined task program.
4 Sensing the environment around it.
5 Mobility from one work station to another.

The first three attributes can be found in almost all industrial robots at various levels of performance
capability. The last two attributes are in use by ‘intelligent’ robots performing special tasks which require
mobility and interaction with their environment. All five attributes are essential for an autonomous
execution of almost any task on a construction site.

The robot components associated with each one of these attributes will be briefly examined. They will be
presented from a functional rather than a technical viewpoint with a particular emphasis on the application
aspects to construction work. The reader will be referred to appropriate sources for further study of their
technical aspects. 

13.2
Manipulators

Most robots manipulate or handle different objects with an arm composed of several jointed links and a
wrist at its end.

The joints of the arm and the wrist act as axes for rotation or for translation of the adjacent link. The
movement of each joint is effected by an actuator (motor) located at the joint or linked to it by a
transmission. The arm can handle objects and bring them to a desired location in space, and the wrist can
orient them as needed.

Configuration of a robot arm

Several typical configurations of a robot arm are shown in Fig. 13.1. Figure 13.1(a) shows a robot arm using
three axial translations in rectangular coordinates. Figure 13.1(b) shows a system of rotation and biaxial
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translation in cylindrical coordinates. Figure 13.1(c) shows an arm with biaxial rotation and translation in
spherical or polar coordinates, and Fig. 13.1(d) shows an arm with three axial rotations in revolute
coordinates. This last configuration, probably the most widely used today in industrial robots, is also
referred to as articulated, or anthropomorphic, or jointed. Another type of articulated robot, with 2–3
revolute joints in a common horizontal plane, is also used in industry.

Examples of robots with rectangular and articulated configurations are shown in Figs. 13.2 and 13.3.
These configurations are most useful when applied to construction tasks, as will be shown in Chapter 14. A
robot with cylindrical configuration is shown in Fig. 13.4.

The robot arm usually consists of several jointed links and has a wrist at its end. The joint acts as an axis
for a rotation or a translation of the adjacent link, as determined by the configuration of the arm. The
movement is effected by its actuator (motor), with energy supplied from an outside source.

The configuration of the robot arm may be defined schematically (as in [11]) by a sequence of joint
notations, for example, TTT (translation, translation, translation) for Fig. 13.1(a), RTT (rotation, translation,
translation) for Fig. 13.1(b), RRT for Fig. 13.1(c), and RRR for Fig. 13.1(d). Translation may be further
subdivided into telescopic and transverse, while rotation may be divided into rotation in the arm’s plane or
perpendicular to it and denoted accordingly. A commonly used schematic notation for the different arm
configurations is also shown in Fig. 13.1.

The configuration of the joints determines the number of independently controlled axes or degrees of
freedom (DF) along which it is possible to move the arm end in space. The minimum number of degrees of
freedom necessary to move an object from one point in space to any other (within the robot’s reach) are 3,
and to orient it as desired 3 DF more are needed, for a total of 6 DF. Since not all industrial tasks require
this total capacity, some robots have only 3, 4, or 5 DF. On the other hand, some tasks, especially those
performed under constraints, may require for their efficient operation more than 6 DF.

The robot configuration determines also the boundaries of space containing all locations the robot can
reach with the end of its arm, which is usually referred to as its work envelope. Example of a work envelope
of a robot is shown in Fig. 13.5.

Actuators

The movements of the robot arm are propelled by a system of actuators, i.e., motors which act on the arm’s
joints and move them as required. A motor can be located at the joint and act on it directly, or it can be
mounted elsewhere on the robot and have its torque or force transmitted to the joint. Three main types of
actuators are used for this purpose.

1 Pneumatic. The motor is activated by an influx (and outflux) of air supplied mostly from an external
compressor. The air pressure acts on a piston inserted in a static cylinder and moves it to a desired
extent.

2 Hydraulic. The motor is activated by an influx of oil with the same principle as in the former case.
The oil, unlike air, is not compressible, and therefore the movement of the piston is better controlled
in this case.

3 Electric. The movement is attained by an electromagnetic induction, controlled by modification of the
current or the voltage according to a desired performance. 

The large majority of robots today use electric or hydraulic motors. Electric motors are accurate,
dependable, and relatively inexpensive. They are preferred for tasks that require exertion of light or medium
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forces. Hydraulic motors are used for heavier tasks. A comprehensive description of motor types is given in
Ref. [13]. 

Motors can be servo- or nonservo-controlled. A nonservo control terminates the movement of the joint at
a predetermined location by use of an appropriate stop, for example a limit switch. In a servo control
movement is continuous. Information is constantly monitored by internal sensing devices (explained later in
the context of robot control—Section 13.4). The movement of the motor can be stopped at any location of
the joint; its velocity and acceleration can be modified also.

Robot actuators are described in Refs. [8, 9, 13, 19].

Figure 13.1 Schematic and symbolic representation of basic arm configurations
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The performance of manipulators

The performance of a robot manipulator is determined by the following parameters:

1 The work envelope. The reach of most industrial nonrectangular manipulators (i.e., belonging to other
than rectangular configurations) is between 0.6 and 2.5 m from its base center. Manipulators for
special tasks have an even longer reach.

2 The lifting capacity. The payload of most industrial robots varies in the range of 50–1000 N. Heavier
payloads, especially with large envelopes, are often handled by gantry-type robots.

3 The accuracy. The accuracy is the tolerance between the programmed and the actual location of the
end effector. The accuracy of performance will often depend on the conditions under which the arm
operates, for example, the actual load carried or the ambient temperature. A more accepted measure
used for a similar purpose is therefore the robot’s repeatability, that is, the tolerance of the end tool
location with many repetitions of the same activity under similar conditions. The repeatability of 0.1–
0.5 mm is most common among industrial robots, although much better repeatabilities are also

Figure 13.2 A robot with rectangular configuration (Reis)
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available. An overview of the pertinent features of main industrial robots is given in Refs. [8, 9, 10, 11]
and other sources. 

4 The speed of the arm’s tip. The speed of the arm’s tip has a very important bearing on the robot’s
work output. It varies typically between 0.1 and 2.5 m/sec.

13.3
End-effectors

The end-effector is a device with which the robot performs the particular task for which it was designated.
The tasks in general (and so in construction) can be divided into ‘pick and place’ operations where objects are
grasped, transferred from one location to another, and released, and specific tasks like jointing, painting, and
finishing, which transform or modify a static workpiece. The effectors necessary for execution of these
tasks may be classified accordingly into ‘pick and release’ grippers, and various work tools, as required by
the particular processing activity. An extensive survey of existing grippers is given in Refs. [3, 14] and
other sources.

The grippers are suited to the shape of the object to be handled. The more popular effectors of this type,
shown in Fig. 13.6, are finger grippers, suction grippers (for flat and smooth objects), magnetic grippers (for
metallic objects), and tube grippers (for hollow circular tubes). Other types of gripper are used for specific
shapes of a different nature.

Typical tool effectors of general application are welding gun, paint sprayer, driller, or grinding disk. Other
tool effectors, more specific to building operations, could be used for spreading glue, mortar, and concrete,
for sealing joints, troweling, smoothing, sand-blasting, taping, bolting, and vibrating.

Most end-effectors are positioned and oriented by the manipulator, and their operation is triggered by an
on/off command of the control unit (grasp/ release, act/stop). Some effectors may be activated directly
through environmentsensing devices attached to them. The quality of performance of the effector depends
on its positioning (by manipulator) tolerance, which was discussed before, the working tolerance of the tool
it employs, and the performance of the sensor if such a device is used to monitor the effector’s work.

Figure 13.3 A robot with articulated configuration (Kawasaki)
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Another condition for a satisfactory end-effector’s operation is an orderly supply of material which it may
use for its activity. Such supply may readily be ensured in manufacturing where the work is performed in a
static well-designed and structured workplace. The problems of the effector feeding in an illstructured and
changing workplace on a building site are discussed later.

A manipulator’s arm may employ simultaneously, or sequentially, more than one type of end-effector.
They can be exchanged, as needed, by a human operator or automatically by the robot.

Figure 13.4 A robot with cylindrical configuration (PRAB)

Figure 13.5 Work envelope of a robot (Nachi)
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13.4
Control

The nature of robot control

The purpose of the control function in a robotic system is to ensure that the end-effector will arrive at its
destination and perform the specific task as required. For this reason the control unit may perform one or
more of the following functions:

• Controlling the movement of each joint at a required movement pattern, in terms of its angle (for
revolution joints), distance (for translation joints), and velocity. 

• Monitoring the movement of the end-effector, i.e. coordinating the movement of the different joints of
the manipulator, in order to bring the end-effector to its destination at the required orientation.

• Monitoring the performance of the end-effector—gripping, releasing of an object, or activating of a work
tool and, possibly, activating of materials discharge.

• Monitoring the movement of the robot’s carriage, in the case of a mobile robot.
• Modifying the performance of the robot’s carriage, manipulator, and end-effector, based on feedback

from sensors.
• Guiding the performance of a sensing device, such as range finder or camera, interpreting its readings,

and planning the robot’s work accordingly. This may be applied when the robot is used in an unknown work
environment and has to navigate its way, either using recognizable features or mapping its work area, for
the performance of a specified task.

There are two levels of robot control, as shown in Fig. 13.7(a). The controller at the higher level calculates
the movement of each joint necessary for the end-effector, and relays this information to the joint
controllers. The control at this level may also monitor the work of the end-effector at its destination
(gripping, spraying, etc.), and in mobile intelligent robots also monitor the movement of the carriage, or the
positioning of its external sensors.

At the lower level control of each joint monitors the joint movement in order to bring it to the position
indicated by the higher-level robot control. 

Manipulator guiding

At the higher control level, the manipulator joints are guided in such manner that the end-effector will reach
the preprogrammed location.

The leading of the end-effector to its work locations can be done in point-to-point mode or in continuous
path mode. In point-to-point mode the destinations or their coordinates in space are defined by the user, but
the path of the end-effector between them is determined by the control system of the robot in order to obtain
the most efficient movement. In the continuous path mode, which is applied if the work of the robot is of a
continuous nature (welding, painting, etc.), the end-effector is guided along a geometrically defined
continuous path— a straight line, circle, or other. In practice the control procedure subdivides the path into
a series of discrete points spaced as closely as the resolution of the system permits.

The path of the end-effector is determined by the motions of its arm links and the joints between them, as
shown in Fig. 13.8.
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Given the initial location of the end point and a given movement—angular or linear—of each of the
manipulator joints, one can calculate by a series of transformations, referred to as direct kinematics, the
resulting location of the end point. For example, given the initial location A of the end point and the movements
� � , � � , � R, � X, � Z in Fig. 13.8, one can calculate the resulting location B of the point. And conversely, in
order to attain a desired location B from an initial location A, one can calculate, with the aid of an algorithm
of inverse kinematics, the necessary movements of the joints. For manipulators with multiple joints a final

Figure 13.6 Robot end-effectors: (a) finger gripper; (b) tube gripper; (c) vacuum gripper; (d) magnetic gripper; (e) bar
gripper; (f) tool
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location can be reached with different solutions of joints movements. A preferred solution can be found
according to a preestablished criterion (e.g. a minimum movement time).

In a similar manner it is possible, with appropriate kinematic algorithms, to calculate the velocity of the
joints which produces the required velocity of the end-effector. The solutions to kinematic problems of
robotics are examined in Refs. [10, 11, 12, 15] and other sources, and are not explored here.

Joint control

The higher control level, as shown in Fig. 13.7(a) determines the movement of each joint, which is
necessary in order to bring the end-effector to any required point. A control at each joint monitors the action
of its actuator so that the required movement will be performed.

The simplest control of the joint movement is through a stop end which automatically terminates the
motion when the joint has arrived at its destination.

A more advanced control type, a closed loop control, involves a controlled application of a force or a
torque exerted by an actuator to move the link to a preprogrammed location at a desired velocity. A motor
employed for this purpose is of the servo type; it can modify the speed of its motion in accordance with the
signals received from a monitoring source. The nature of the closed loop joint control is depicted in
Fig. 13.7(b). 

The motion of the joint is measured by an internal sensor. The signals emitted by the sensor (after being
converted from an analog to a digital mode) are evaluated by the control processor by comparing them to
the programmed parameters. If corrective action is needed the speed of the motor is modified: i.e. it is
increased, or slowed down.

The torque or force exerted by the motor to yield the required movement of the joint, depends on the
weight, configuration, and payload of the arm link moved by it.

Figure 13.7 Robot control: (a) joint control; (b) system control 
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The signals emitted by the internal sensor, such as an encoder, a resolver, or a potentiometer, reflect the
distance—linear or angular—that the joint traversed, from its last position, and its velocity. The encoder,

Figure 13.8 Planar representation of arm’s end movement from point A to point B 
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shown in Fig. 13.9, consists of a rotating perforated disk with a light source in front of it and photoelectric
material behind it, which transduces the light absorbed into electronic pulses. The rotation of the disk (with
the joint) is therefore accompanied by electronic signals excited by light penetrating the holes. The number
of pulses can subsequently be translated into an angle (or distance) traversed by the disk and their frequency
into a velocity or an acceleration. The resolution of the device, that is, the number of pulses per rotation,
determines the accuracy of measurement. The resolver performs a similar measuring function; it is a rotary
transducer that converts angular displacement between rotor and stator into ac voltage. The operation of a
potentiometer is explained later in the context of external sensors (Section 13.5).

Control of the end-effector’s work

The control of the end-effector is, in most cases, of the on-off (grasp/release, act/do not act) type. In simpler
cases the effector is activated when its end arrives at a predetermined point or moves along a predetermined
trajectory. In more involved applications the effector’s movement and operation are controlled using the
information received from sensors which interact with the workpiece. Based  on this information the control
unit can change the effector’s mode, its discharge capacity, or terminate its work.

Interaction with the environment

The control unit can stop, modify the movement of the robot arm, and, in mobile robots, the movement of
the carriage based on the information received from sensors which interact with the environment. Sensors may
interact with obstacles on the robot path, with various features of the environment, such as openings, edges,
or trees, or with artificial markers or beacons, placed in the work area to guide movement. The sensors may
employ different methods of energy transducing, as explained in Section 13.5.

Planning of activity

This highest level of robot control involves devising a series of movements in order to attain a specified
objective—to travel from one place to another, to execute a task, or both—usually in an uncertain, or

Figure 13.9 An encoder 
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changing environment. The work or travel path is ‘modeled’ by the control unit on the basis of information
received from the sensors. Planning activity in light of this information requires that the robot uses the
artificial intelligence algorithms built into the control unit’s processor. Employment of an algorithm of
artificial intelligence for work mapping is examined in Ref. [20]. The general principles of knowledge-
based systems for work planning and design are discussed in Chapter 16.

Programming the robot

The robot performance can be preprogrammed with one of the following methods:

1 By a fixed sequence of stops built into the robot mechanical system. Each arm segment is driven by a
motor and its movement is terminated by a mechanical stop positioned at the end of the desired path.
The termination of one step triggers the beginning of the next step. This is the simplest type of
control and is used for ‘pick and place’ type of repetitive operations.

2 By a preprogrammed sequence of steps which may be changed from task to task. To process such
programs and store them for use, the robot must possess (or be attached to) a computer unit with on-
line memory and storage capacity. In most cases the control unit ‘learns’ the desired sequence of arm
movements when the arm end is guided by the operator on the path of its intended activity (spraying,
welding, etc.). The critical points on the path (or the whole trajectory in the case of continuous
operation of the effector) are stored in the computer’s memory, which then calculates the desired
sequence of operations (rotations, translations, etc.) the arm must perform to repeat it (or ‘play it back’).
The leading of a robot arm, to teach it the locations which it has to ‘play back,’ can be done either
directly with an attached handle or indirectly with the aid of a special teach box, as shown in
Fig. 13.10.

3 By an ‘off-line’ preprogramming of the required sequence of operations with an appropriate language
that the computer unit understands. An interface translates the programmer’s instructions into signals
to the particular motors for rotation or movement of the desired parts of the arm.

The languages used for this purpose are VAL (used by Unimation Co.), AML (used by IBM), and
others. The instructions included define movements to be performed (e.g. MOVE to a point A with
velocity V) effector’s activities (GRASP, RELEASE), conditions for actions, based on sensors input
(IF Signal THEN Action), and so on. The off-line programming allows the robot to work on its
present task, while its next task is planned. An extensive discussion and comparison of robot
languages is given in Refs. [9, 15]. Advanced CAD programs, such as PLACE, and ROBCAD, allow
offline programming with graphical animation of the robot’s movement, as shown in Fig. 13.11. The
use of such a program for the development of a construction robot is described in Ref. [21].

4 By a remote control. The operation of the robot can be controlled by an indirect human guidance or
teleoperation with aid of a remote control box. This mode of control is often applied under hazardous
conditions—while dealing with dangerous materials or doing work in contaminated areas. Various
types of remote control are already applied in construction equipment such as cranes, concrete
pumps, and excavators. Remote control systems are described in Ref. [17].
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13.5
Sensors

Sensors can be divided into internal sensors, which measure the movement of the robot’s joints or its
carriage (as discussed in Section 13.4), and external sensors, which measure various aspects of the robot’s
work environment.

External sensors are essential to the operation of ‘intelligent robots’, which can make decisions based on
information about certain features of their workplace, or in the case of mobile robots, of their traveling
route. The information is received through ‘sensory’ transducers that convert various physical effects
(mechanical, optical, magnetic, acoustic, etc.) into electronic signals. These signals can then be recognized
and acted on by the control unit. Various types of sensors and the principles of their operation are described
in Refs. [4, 5, 6, 16] and other sources.

Sensors are essential to the autonomous robotization of construction tasks because they can convey to a
control unit, in real time, the necessary features of the changing building environment. They are also
essential for autonomous construction in light of the high tolerances inherent in building operations. These
tolerances require a continuous verification of the work location and its dimensions.

The more important groups of these devices in the building construction context are the tactile,
proximity, and vision sensors, which are reviewed now.  Other classes of transducers—reacting to voice,
temperature, radiation, smoke, or various chemical materials—are used at present in industry but are of
limited interest to building construction.

Tactile sensors

This class of sensors reacts to the physical contact between the transducer (mounted on the robot’s arm or
effector) and an encountered object. The tactile sensors may indicate merely the contact between the sensor
and the object or may also relay the extent and direction of the force exerted during the contact. The more
important groups of sensors in this class are as follows:

Limit switch

It is the simplest form of a contact sensor. It employs a lever, which when moved into a position by a
mechanical contact (between the sensor and the sensed object) opens or closes an electrical circuit. Other
mechanical devices such as diaphragms, bellows, or springs, which by their deflection activate the electrical
circuit, can also be used instead of levers. 

Strain Gage

This is shown in Fig. 13.12(a). It detects not only a contact but also the force exerted between the two
connecting objects. The force is gaged through the strain introduced in a wire (or a system of wires) and its
influence on the wire’s resistance to an electric current excited by an external source.

Potentiometer

This is shown in Fig. 13.12(b). It gages the displacement of a contacting end of the sensor. The displacement
changes the location of a sliding wiper on an electrical circuit and consequently the voltage recorded by it.
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The potentiometer may also be of a rotary configuration when it is used as an internal sensor for a

Figure 13.10 Programming the robot with a teach box (Eshed Robotec): (a) leading the robot; (b) teach box 
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revolute joint.

Piezoelectric pressure transducers

These detect pressure through signals emitted from special materials (quartz, ceramic) when the pressure is
applied to them. Other piezoresistant materials change their electrical resistance with pressure.

Pressure transducers, properly positioned and oriented, may be used for gaging both the extent of the
force exerted and its direction. A sensor of this type, attached to a tool, can relay information about the three
force and three moment components applied to the tool by the processed workpiece. This information may
be used by the control unit in guiding effectors in such operations as grinding, finishing, and inserting pins
into holes.

An effective sensing device, referred to as a remote compliance center and shown in Fig. 13.12(c), can be
located between the wrist and the tool of the robot. The device can gage the forces and moments applied on
the tool while complying to them and eliminating any risks of damage to the tool or the workpiece. The
transducer signals the precise extent and direction of the forces and moments exerted on the tool, and its
action or orientation can be consequently modified, based on these signals.

A more advanced form of a tactile sensing is a ‘skinlike’ array of tactile sensors, shown in Fig. 13.12(d).
Such an array including 64–256 contact units can identify not only the presence of an object and the amount
of pressure exerted on it but also its contour, shape, and orientation. These features are deduced by a control
unit from signals sent from each individual sensor and the emerging pattern, very much in the same manner
as the vision sensor described later.

Tactile sensors can be used by industrial and construction robots for collision avoidance. For this purpose
they are placed on the robot’s arm, and in mobile robots on a bumper. If they sense possible contact with an

Figure 13.11 Off-line programming with graphic representation (ROBCAD)
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obstacle they can alert the control unit and stop the movement of the robot, or its arm, before a collision
occurs. 

Contact sensors can be used also for establishing the position of the robot with respect to a workplace or a
prominent environment feature. For example, a robot can establish its position with respect to a wall by
‘touching’ it with a sensory rod at three points. From the coordinates of these points (obtained from the
recorded location of the effector’s tip at the contact) its control unit can calculate the exact position of the
wall surface. 

Figure 13.12 Contact sensors: (a) strain gage; (b) potentiometer; (c) remote compliance center; (d) skin array
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Proximity sensors

Proximity sensors are employed to detect the proximity of objects (before contact) and, with more advanced
devices, also their location and range. The main groups of these devices are as follows:

Sonar senses

These emit a pulse of electromagnetic energy (at ultrasonic wavelengths) directed toward the target object
and then determine the distance from the time it takes a detector (mounted at the same location) to record
the reflected signal—the echo. The sensor therefore acts in two different modes—as a transmitter
(loudspeaker) and a detector (microphone). In robot applications, the ultrasonic sensors are used both for
ranging of distances and for gaging of coating thickness.

Electromagnetic sensors

These generate an electromagnetic field; its interruption by an object whose proximity is to be detected
activates a signal to the control unit. The use of electromagnetic sensors is mostly restricted to
ferromagnetic materials.

Capacitive sensors

These react to a variation in electric capacity between a probe and its surrounding environment.

Photoelectric sensors

These, through a photoconductive (changing resistance of a semiconductor) or photovoltaic (chaning
voltage between composing materials) reaction to light, generate an electric signal to the control unit. These
sensors use a light source — a light-emitting diode (LED)—and a photoelectric light detector. The detector
can be mounted close to the light source, as in Fig. 13.13(b) or at a separate location, as in Figs.
13.13(c), (d). The sensors can be used for detecting a beacon placed on the work surface or for range
assessment.

Detection of a beacon may be necessary for navigation or for delineation of a work area, as explained
below. It can be obtained by screening the surface on which the reflector is mounted until the emitted light
beam hits the marker and is reflected to a detector, as shown in Fig. 13.13(b).

The distance between an object and the light source is determined by triangulation.
Two examples of ranging with this principle are shown in Fig. 13.13(c), (d). In Fig. 13.13(c) the distance

r is found from the angle of the light source at A (directed to the object) � 1, the angle of the light detector at
B (a lens which can measure the angle of the reflected light) � 2, and the distance d between them as follows:

The distance can be measured in a similar manner if instead of a separate light source and light detector, two
light sources (with light detectors close to them) are directed from two locations at A and B, to the same light
reflector on the object.
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In Fig. 13.13(d) the distance r is found from the distance d1 between the light source at A and the
activated light cell at B, with h (the distance of the collector at C from the light cells array), and d2 (the
distance between the light collector and the light beam):

Figure 13.13 Proximity sensors: (a) ultrasonic ranging; (b) light-emitting diode; (c), (d) triangulation ranging
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Laser sensors

These act in the same way as the former group; however, due to their lesser diffusion they are more accurate
and can be used for much larger distances.

Photoelectric or laser sensors will react to a reflector embedded in the workpiece only if the emitted beam
finds the reflector at a proper orientation. The search process can be aided by a scanning device which
moves the beam along a predetermined path until its interaction with the reflector.

An automated mapping system with a range sensor (acoustic or laser) for a building robot is presented in
Ref. [20].

Vision sensors

This class consists of the most advanced sensing devices, in the sense that they do not react to a single
attribute of an object (like presence, distance, or force), but convey its whole image—contour and in more
advanced cases even its depth. The vision sensor consists of an array of photoelectric elements (pixels)
which react to light reflected from an object and conveyed to it by a camera. The transducer converts the
light intensity recorded by the various elements into electrical signals which are transmitted into the control
unit. The signals in simpler systems are of a binary nature; that is, they are triggered when the light intensity
exceeds a certain predefined threshold. In more advanced vision systems, they can produce a range of
values (or shades) depending on the intensity of light hitting a particular cell. The control unit may identify
the object, such as the desired piece of work, from a group of other pieces, by interpretation of its
geometrical properties deduced from the received signals, for example, its area, general configuration, or
moment of inertia. It may identify the precise location and orientation of the piece for a consequent guide of
the robot tool towards it. In static robot systems the vision camera may be placed in a convenient location
outside the robot as in Fig. 13.14. The images, which are then recorded in the sensor coordinates system, are
transformed into meaningful instructions for the robot. Such an approach would be unacceptable in a
construction robot, or in any other type of mobile robot with its workplace continuously changing. The
camera must then be mounted on the robot as close as possible to the tool center (‘eye in hand’ mode).  An
inconvenience may be caused, in such a case, by the bulkiness or fragility of the attached camera. This may
be helped by use of optoelectric fibers. A cable with such fibers would be attached to the robot’s effector
and convey the photo-signals to a remote camera and hence to a processor.

Applications of sensors

Sensors may be used for various robotic applications as follows:

1 Prevention of collision between the robot’a arm or body and any obstacle on its path. The sensors
which can be used for this purpose include touch sensors of a contact (strain gage), or a non-contact
(sonar) type.

2 Verification of the required preprogrammed workpath in welding, taping, jointing, and so on of the
robot’s effector. This can be achieved by a contact sensor—strain gage or potentiometer—if the
effector can follow an edge of the existing component. Deviation of the effector from the prescribed
path will result in a change in interacting forces between the sensor and the edge, which will then
send a signal to the control unit. Another type of sensor that can monitor an effector movement is a
light-detecting diode, reacting to luminescent markings prepositioned on the desired path. Finally, the
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movement may be monitored by a vision camera transmitting the image of the special features of
infrastructure, to which the desired path of effector could be related.

Figure 13.14 Vision pattern recognition by a robot: (a) schemes; (b) picture of a system (View Flex-Eshod Robotec) 
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3 Verification of work quality and its conformance to specifications. This task can be performed with
the aid of proximity (ultrasonic or electromagnetic) sensors when inspecting the thickness of coating,
and contact sensors, when inspecting smoothness of surfaces. Vision sensors can be used for
inspection of texture and exterior dimensions of a building component.

4 Navigation of the robot’s arm or body towards a desired point. This can be attained with vision,
photoelectric scanner, or laser scanner oriented towards some reflective marking on the target.

13.6
Mobility

The large majority of industrial robots operate from fixed positions. The workpieces are brought to them by
means of conveyors and other devices. In construction the location of the work changes continuously and
therefore robots in any type of employment must also move, or be moved, from one location to another.

Mobile robots are employed today mostly in the following environments:

1 Nuclear facilities, doing reconnaissance and repair work in the case of damage.
2 Hazardous environments.
3 Disposal of explosives. 
4 Flexible manufacturing systems.
5 Mining.
6 Various military tasks.

The mobile robots operate from a platform mounted on tracks, wheels, or legs. Many of them employ an
arm for performance of various tasks. Examples of several mobile robots are shown in Chapter 14.

Most mobile robots used today are controlled by a teleoperator, but some of them use an autonomous
navigation system. In ideally structured environments robots can be preprogrammed to follow a desired
path, without additional information received during movement. In real-life construction work the
roughness of surface, imprecision of dimensions, and possible obstacles on the path require a continuous
feedback from the environment.

An autonomous navigation of the robot towards a desired goal requires a very high level of artificial
intelligence. The control unit must then perform the following tasks:

1 Store in its memory a model representing the work area (e.g., a plan of a building interior), with all
pertinent features which the robot may later identify through its sensors.

2 Interpret the signals received from sensors (such as vision cameras or sonars)—during movement—
and identify the modeled features (e.g., corners, edges, openings).

3 Correct the model if required (e.g., while discovering an obstacle that was not recorded).
4 Establish its own location with respect to identified or discovered features.
5 Chart further movement, either following an initial program or applying some predetermined decision

rules.

A navigation path of a mobile robot for floor cleaning is shown in Fig. 13.15. The robot, described in
Chapter 14, senses the perimeter of the enclosure, creates for  itself a model of the building, charts its own
path, senses obstacles in its way, and corrects its path to avoid them.
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The navigation process may be greatly simplified by guiding the robot along a clearly marked path, such
as a prepositioned electric wire (sensed with electromagnetic sensor), a wall, or a beam (sensed with a
tactile sensor).

Mobile robots almost always carry sensors for avoidance of collision, recognition of environment, or
measurement of various ambient conditions such as temperature, radiation, humidity, and smoke level.

Mobile robots and their control algorithms are described in Refs. [2, 7] and other sources.

13.7
Applications design

When choosing the design of a robot for a specific application the following parameters must be taken into
consideration:

1 The work envelope of the robot. The envelope of the robot must encompass all the locations at a
workstation which are to be reached by the end-effector and all the points in space that it must
transverse to get there. Particular attention must be paid to the space between the nominal work
envelope which indicates the boundary of locations that the robot’s tip can reach and the effective
envelope which contains all the points that the robot can reach at the orientation required to perform
its task. It is also necessary to identify the so-called ‘empty spaces’ which may sometimes be in the
robot’s envelope. The locations in these spaces may not, due to a particular configuration of the arm,
be reached by the end-effector (or cannot be reached with a required orientation), despite the fact that
their distance from the base is less than the arm’s reach.

2 The maximum payload that the robot must be able to handle. It will depend on the weight of the load
the robot must handle or the weight of tools it must operate.

3 The speed of the end point of the effector. The speed will have a direct bearing on the robot’s work
output.

Figure 13.15 Navigation path of a floor processing robot 
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4 The mobility of the robot (if required for movement between workstations). It involves the speed of
movement, the maneuverability during movement, the ability to move through narrow passages, turns,
and slopes, and the easiness of its setup at a new workstation.

5 The accuracy/repeatability of the robot’s motions. This requirement depends on the specified
production tolerance. If the same activity is to be repeated many times, the repeatability will be
considered as a relevant parameter. If on the other hand the robot will be employed in varying tasks,
its accuracy must be defined.

6 The type of effector needed, in view of the specific task/tasks to be performed.
7 The control: its ability to lead the robot along required paths of work at a specified pattern, velocity

and acceleration; its ability to monitor and coordinate the various subsystems of the robot—the joints,
the end-effector, the carriage (for a mobile robot) and the sensors; an ability, if required, to interpret
sensors readings for navigation or for mapping.

8 The type of sensors the robot requires in its work: for direct task execution, for navigation, for
mapping, and for avoidance of obstacles.

9 The safety of the robot, i.e. the protection of users against injury or damage.
10 The maintenability of the robot, in terms of repairs and routine upkeep.
11 The easiness of operation of the robot, i.e., the time it takes to learn its various subsystems and

operate them efficiently.

13.8
Summary and conclusions

Employment of robots in manufacturing industries is growing at a rapid rate. The main features of an
industrial robot are its capacity to manipulate objects, to effect (or execute) specific tasks, and to control its
activities. Some robots have an additional sensing or locomotion capacity.

The arm of an industrial robot is composed of several jointed links actuated by electric, hydraulic, or
pneumatic motors. The most common configurations of a robotic arm follow a rectangular, a cylindrical, a
spherical, or an articulated pattern.

The most common robotic effectors are either grippers for picking objects and placing them as required,
or tools for execution of various specific works.

The robot control must be able to perform one or more of the following functions: to activate each joint
as required, to guide the effector to its designation, to monitor the effector’s performance, to modify the total
system’s performance based on signals received through its senses, and, at the highest level—to plan the
robot’s activity. The robot may be programmed on-line, by leading the effector to the required work
locations and recording them, or off-line, with an appropriate computer-robot language.

For interaction with the workpieces or the work environment, a robot may use sensors that react to contact,
proximity, or visual images of objects. Different types of sensed energy are transduced into electronic
signals meaningful to the robot control unit.

Robots can move from one location to another when mounted on wheels, tracks, or legs. The capacities to
sense the environment and to move independently from one location to another are shared by a relatively
small (but growing) fraction of the intelligent robot population. Those two features are essential for almost
any type of construction activity, which requires continuous change of work location and interaction with
varying and imprecise building environment.
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The choice or design of a robot for a specific application must consider the work envelope,
maneuverability, payload, mobility, weight, repeatability, control, sensors, sturdiness, maintenability, and
easiness of operation.

Assignments

13.1 Design a schematic layout of a workstation that has to spray/paint wall elements of a maximum size of
2.5 m (height) by 3.0 m (width). The walls can be entered into the station—for painting—and
removed from the station—after completion—on a conveyor in a vertical or a horizontal position.
Determine the configuration and dimensions (links and joint’s parameters) of the robot, its payload
and accuracy, and the sensors it may employ.

13.2 Select, from available handbooks or manufacturers’ publications, a robot type suitable for the task
described in assignment 13.1. Show the robot’s work envelope on the station layout.

13.3 Based on the given joints velocity (assuming their simultaneous operation), estimate the approximate
time it takes the robot to complete the task on one wall unit in the former assignment.

13.4 Prepare a schematic layout of an automated workstation for cutting reinforcement bars to the designed
dimensions.
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Chapter 14
Building Robotics

Configuration and Performance

14.1
Introduction

The basic concept advanced in this book is the industrialized-automated building system—a building
assembled from prefabricated elements—floors, vertical supports and exterior walls with the remaining
finish works onsite done by, or with the assistance of, robots.

Robotization has a considerable potential in construction, if properly used. Its expected benefits can
address the three most important problem areas in construction:

1 To improve working conditions onsite and in particular to eliminate dangerous, strenuous and dirty
tasks.

2 To improve the efficiency of the building process: to increase productivity, improve quality, shorten
the construction time and reduce costs.

3 To save construction labor and thence alleviate the shortage of workers already very acute in some
countries.

Despite these benefits the robotization of construction work is still in its very early stage in terms of its
regular employment on the construction sites. Some of the reasons for this slow advent have to do with the
special nature of the construction industry. Construction projects are shaped by the specific needs of every
user, the constraints of their location, and the physical solutions as perceived by the designer. The particular
features of the construction industry that result from these conditions (i.e. the dispersion of construction
work between different sites, the uniqueness of each construction project, the division of authority between
design and construction) are not conducive, as explained in Chapter 1, to mechanization, which is a
necessary prerequisite to the subsequent automation or robotization of building activities.

Another reason for the slow advent of these and other developments in the construction industry was the
conservative nature of the many building contractors who were reluctant to take risks associated with a
considerable departure from traditional building methods.

Finally, construction is a highly fragmented sector, harbouring, in most countries, a very large number of
small enterprises. Even the big companies have much of their work usually subcontracted to a large number
of small firms. Such small enterprises cannot sustain the heavy and long-range commitments involved with
development and implementation of advanced technologies. It is not surprising therefore that almost all
serious attempts of building robotization have been made, to date, by a few giant construction firms, each
one leading its own research and development effort.



Other reasons for the slow advent of robotization have to do with its implementation aspects and will be
discussed in Chapter 15.

Despite its still limited application, robotization in building has been generating a considerable interest
since the early 1980s. An extensive volume of information is being published by research institutes,
developers, users and professional organizations about concepts of robotized construction, development
progress, and application experience.

The following chapter will contain a short review of the main types of building robots, and their major
features. The robots will be examined with respect to their application aspects and their managerial/
economic implications. For additional information about the technological aspects of these applications the
readers will be referred to information sources cited in the references. Other information extensively used in
this book has been received directly from the developing companies—Shimizu, Taisei, Takenaka,
Obayashi, Kajima, Hazama, Fujita and Kumagai Gumi. The various implementation aspects, the driving
forces and the barriers to robots employment will be examined in Chapter 15.

14.2
Performance specifications for building robots

Robotization of industrial activities, as explained in Chapter 13, involves the following features of the
prospective robot: manipulating, end-effecting, control, and in more advanced robots also sensing and
mobility. When planning for robotization three types of building activities are to be distinguished:

1 Activities which employ highly mechanized equipment, such as cranes, concrete pumps, floor
finishers etc. Their robotization needs may involve automated control—with some possible
adaptations for external sensing and end-effectors.

2 Activities which employ a mechanized tool, such as painting, sandblasting, welding or jointing, which
is at present operated manually. The tool in its present or improved version can be integrated into a
complete robotized system, including the mechanical parts—manipulator and mobile base and
automated control.

3 Activities which replace conventional manual work such as brick laying, tile setting, clamping, or
other types of interior materials handling. Robotization of these activities involves first their
mechanization, and later application of automated control.

For planning of robotization of any construction activity it is desired to divide it into basic tasks that can be
performed with a single type of robot configuration and a single type of end-effector. In Ref. [46] building
construction activities relying heavily on prefabricated components were divided into 10 basic tasks shown
in Table 14.1. A similar approach has been adopted by Guo and Tucker [12], who identified 42 tasks
covering a wider range of building activities, which also included information processing and
communicating as well as measurement, identification, inspection, operation and others.

The conventional construction activities may include the performance of a single task such as painting, or
several tasks. For example, the erection of a plasterboard partition requires at least these tasks:

1 Attaching of floor and ceiling racers
2 Attaching of studs
3 Attaching of boards
4 Jointing the boards
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5 Covering the boards with paint or wallpaper

The complex nature of these building activities makes their robotization difficult and costly. A
comprehensive robotization effort must therefore look for methods of their simplified execution.

The robot performance requirements for each basic task were defined (in Ref. [46]) in a uniform manner
with respect to these attributes:

Table 14.1 Basic tasks in building construction (source: Ref. [46])

Number Task Description Examples of application

1 Positioning Placing a large object at a given location and
orientation

Erection of steel beams, precast elements,
formwork, scaffolding

2 Connecting Connecting a component to an existing
structure

Bolting, nailing, welding, taping

3 Attaching Positioning and attaching a small object to an
existing structure

Attaching hangers, inserts, partition boards,
siding, sheathing

4 Finishing Applying continuous mechanical treatment to
a given surface

Troweling, grinding, brushing, smoothing

5 Coating Discharging a liquid or semiliquid substance
on a given surface

Painting, plastering, spreading mortar or glue

6 Concreting Casting of concrete into molds Casting of columns, walls, beams, slabs

7 Building Placing blocks next to or on top of one
another with a desired pattern

Blocks, bricks, or stone masonry

8 Inlaying Placing small flat pieces one next to the other
to attain a continuous surface

Tiling, wood planks, flooring

9 Covering Unrolling sheets of material over a given
surface

Vinyl or carpet flooring, roof insulation,
wallpapering

10 Jointing Sealing joints between vertical elements Jointing between precast elements, between
partition boards 

• Manipulator’s performance (reach, payload)
• Effector characteristics
• Feeding method (supply of materials to be used by the robot)
• Control of the system
• Sensing capacity
• Mobility

An example of a summary of the required robot performance attributes for one task—connecting—is shown
in Fig. 14.1.

Based on these specifications, several generic configurations or ‘families’ of building robots were
identified. Each family can perform a distinctive group of

Figure 14.1 An example of performance specifications for a basic task. (Source: Ref. [46].)

CONNECTING

Description: Connecting of a component to an existing structure

Examples of application: Bolting, nailing, welding
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Manipulator

Needs: Reach 3–4 m, payload 0.10–0.30 kN

Possible solution: 6DF arm and wrist manipulator

Effectors

Needs: Welding, bolting, nailing, stapling

Possible solutions: Tools as required, attached to wrist

Feeding

Needs: Supplying connecting material to the effector

Possible solution: A canister attached to the manipulator’s base

Control

Needs: Monitoring location of the effector and the mode of its operation

Possible solutions:

Preprogramming (only for extremely well-structured environment)

Playback, after leading the arm through critical points defining the pattern of the connection. Feasible only when the
same type of connection is repeated many times throughout the structure

Preprogramming/playback aided by feedback from sensors

Sensors (for sense triggered feedback)

Needs: Verifying position with respect to reference point or lines on the object to be connected

Possible solutions: Vision, light-emitting diodes or laser beam, interacting with active or passive prefixed elements
(markings, reflectors) on the object

Mobility

Needs: Transfer from one workstation to another

Possible solutions: The robot may be mounted on treads or wheels and be transferred from one workstation to the
next by the following methods:

Manually by a human operator

By a remote control

By own navigation system; the system may use information acquired through contact (potentiometer, strain gages),
proximity (electromagnetic or ultrasonic), or vision sensors about encountered features of the environment and
process it with the aid of artificial intelligence algorithms into navigation instructions

The vertical transportation of the robot, between different floor levels, can be done with the aid of a crane or a
hoist.

Comments: Any type of preparation for connections, such as drilling or marking, which involves similar tools and
modes of operation as those described above, may also be included in this category 

building activities, with the criteria for grouping based on: (1) the size of task to be executed in terms of
reach and payload; (2) the mode of operation (e.g., from a static position, from several workstations, or
continuously moving); and (3) the environment in which the task is performed (e.g., inside or outside the
building, unconstrained or constrained area, vertical or horizontal surface).

The four distinctive generic families of robots are as follows:

1 The assembling robot used for hauling and positioning of large building components.
2 The interior general purpose robot used for performance of various finishing works performed inside

the building.
3 The floor finishing robot used for processing of large horizontal surfaces.
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4 The exterior wall finishing robot used for processing of large vertical surfaces.

These families of robots differed from each other mainly in the configuration or size of the manipulator and
in their mode of locomotion. Each generic family could be further subdivided into many types differing
from each other in their effectors, sensors, feeding mechanism, and control units.

A robot of each configuration can be used for execution of a whole group of suitable tasks with the
necessary modular features adapted to each particular task. Alternatively, a separate robot can be developed
for each particular task and employed exclusively for its execution. The adopted approach will depend very
much on economic considerations, which are examined in Chapter 15.

In terms of autonomy of control, different levels can be considered for each of the robot types:

1 Direct operator’s guidance—through joysticks, push-buttons or other devices.
2 Preprogramming—the robot can be programmed to perform sequentially a series of operations.
3 Interaction with environment. The robot can “sense” special features of the environment and modify

accordingly its preprogrammed operation.

The possible employment of the four generic families of robots in conjunction with the industrialized-
automated building system is shown in Fig. 14.2. Each of these families will be explored in the following
sections, with a special emphasis on their actual applications.

14.3
The assembling robot

The assembling robots as a generic group are used mostly for handling of large scale building components:
beams, columns, floor slabs and wall elements. They are characterized by a large manipulator and a high
lifting capacity. For this reason they are also referred to as Large Scale Manipulators (LSM). The main role
of the assembling robot in the industrialized-automated building system is the assembling of the “shell” of
prefabricated elements—floor slabs, exterior walls and vertical support structural elements. Such a robot
can also be employed with conventional building systems to handle various loads.

A scheme of an “ideal” assembling robot is shown in Fig. 14.2.
An assembling robot may act from a static position, or move around on tracks or wheels, depending on the

layout and other features of the building to be erected.
Assembling usually involves picking up objects from their unloading area, moving them to the required

destination, and positioning them as needed. The end-effector should be suited to this purpose.
The ability to grasp the load to be handled, requires a rigid arm with three or more DF (degrees of

freedom) to bring the end-effector to the precise location and an additional 1–3 DF ‘wrist’ to bring the
gripper to the necessary position. The orientation of the object—a beam, a column or a precast element—is
needed to align it with appropriate connectors on the structure to which it has to be attached. The type of
rigid arm shown in Fig. 14.2 is used in some types of excavating equipment but not in ordinary cranes,
which have the load attached to a suspended cable. 

The operation of a wrist with a proper gripper at its end, can save on the amount of human labor required
for positioning the lifted object and its connecting (and disconnecting) to the lifting device. The robot will
be particularly effective if it can do without the help of a worker who has to attach the load to a hook (as
done with a regular crane), and another worker who has to position the load and release the hook.

The control functions of the robotized system may be some, or all, of the following:
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1 Identification of workstations at which the robot is to operate, and movement to these stations.
2 Identification of the object to be handled and its precise location.
3 Gripping of the object (including the orientation of the gripper, if required).
4 Identification of the destination and moving of the load to this destination.
5 Discharging of the object (including connection to existing structure if required).

Some or all of these functions may be performed autonomously by the robotic system and some can be
controlled by a human operator. The extent of automation will be determined by the complexity of the
activity and the economic implication of the adjustment required for this purpose.

Automated control of the identification of objects to be handled, and their transfer to a particular
destination has distinct advantages over manual guidance, and can significantly contribute to productivity
improvement. Such control will require careful stacking of objects at their pick-up area, and their marking
for identification by sensors.

Another area of potential productivity improvement involves autonomous attachment of an effector to an
object and its subsequent discharge at a predetermined destination without human assistance. The
attachment of an effector at a pick-up point, can be done with an ordinary gripper or with a vacuum gripper,
if suitable connectors are attached to an object and marked in a manner recognizable by sensors. A vision
sensor or a light detector can be used for this purpose.

Figure 14.2 The generic robot types employed in an industrialized automated building system 
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Discharge of an object may involve merely placing the object on the structure at the proper location and
in the precise position for a subsequent connection by human or robotized work, or utilization of a self-
connecting device. Employment of sensors will be needed in a similar manner as with attachment at a pick-
up point. The automated grasping and positioning of elements, especially prefabricated elements, may be
facilitated by “beacons” (markers) placed in them and in the infrastructure to which they are to be attached.
The beacons can be detected by vision or light sensors.

Autonomous navigation of an assembling robot between its workstations, although technically feasible, will
not be economically justified under conditions of a regular building site. It will be justified if the work
environment is inaccessible or hazardous to humans. In such situations the robot may be teleoperated or self
navigating.

As mentioned before, an ideal assembling robot (shown in Fig. 14.2) is the one that can automatically
place large building components—prefabricated slabs, walls, beams and columns weighing 10–15 kN at a
desired location and orientation in the building. A mobile robot with such autonomous capacity needs a 3–4
DF of manipulator and additional 2–3 DF at wrist. A robot with a reasonable reach of 25–30 m will be effective
for buildings with a height of 4–5 stories (and a width of 20–25 m).

The robot, with an appropriate gripper can save the work of 1–2 workers who are employed in the
handling of the elements at their loading area, and 2–3 workers who are employed in their placement and
attachment to the existing structure. Several ideas for attachment of elements which do not require human
assistance were suggested by Atkin et al. [3] and Viscomi et al. [41]. Another, not less important
consideration in automated placement and attachment is the safety of workers. The assembling work of
heavy components is considered one of the most dangerous occupations in building (as explained in
Chapter 15).

Several types of robots of this generic family have been employed in practice, or are in various stages of
development. No one of them has the capacity to act as fully automated assembler, although some of them
can be adapted to this purpose.

General handling robots

This group of robots is perhaps the closest in configuration to the “ideal” assembling robot to be used in the
industrialized-automated system, as described in the beginning of this section. It includes the Large Scale
Manipulator of the University of Texas [14] shown in Fig. 14.3, which has a jointed arm with 8 DF (3 at the
wrist), a reach of 21 m, and a payload of 7.30 kN. It also includes the FMR robot of the US Army [15], with
6 DF, a reach of 9 m, and a payload of 18 kN, and the EMIR robot of Kernforschun in Karlsruhe [32] with 6
DF, a reach of 22.5 m, and a payload of 15 kN. All of them are in various development and testing stages.

Tower cranes with automated control

The regular tower crane can be viewed as a cylindrical manipulator with 3 DF (rotation at the base, radial
translation at the arm and vertical translation at the cable). In terms of their vertical and horizontal reach
they can place the load at the required location in any type of building. However, their suspended hook
cannot act as an effective end-effector which can autonomously manipulate the attached load. Still, a partial
automation of the existing cranes is today the most realistic improvement of the assembling operation in tall
buildings.

It is a common procedure today to remotely control—with joysticks or push buttons—the operation of
crane motors. With placement of an electronic measurement (and feedback) device for each type of
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movement the crane can be preprogrammed—it can be sent to a sequence of destinations in the building to
discharge its load. This arrangement and its benefit is examined in Ref. [27].

Several devices which can exert control over the orientation of objects suspended from the crane’s hook
have been developed. An example of such a device is the Turn-control Hanging Device, developed by
Fujita. It is a horizontal beam attached to the hook of the suspended cable of a crane, with two air blowers
on both sides and a control unit which monitors their speed. The blowers can exert a torque which allows
orientation of the beam with the building element attached to it, in a horizontal plane. The “Stewart
platform” described in Ref. [41] consists of two frames connected by a set of wires. By manipulation of the
wires the lower frame and the load attached to it can be rotated as required. Another device, The Mighty
Shackle Ace developed by Shimizu [40] allows some control of the element and its remote unclamping from
the positioning wires. The element can therefore be brought to the required location by the automated
control of the crane, oriented and placed as needed by any of these devices, and then be self-attached to the
structure, as mentioned before.

Alternatively, an element can be automatically assembled by a two-stage operation: it can be brought by a
crane to a predetermined location on a building floor and then positioned by another handling robot,
employed on this floor. Such solutions are implemented within the comprehensive onsite automated
systems discussed in Chapter 12.

Reinforcement placing robots

Assembling robots can be used for placement of heavy (1000–2000 N) reinforcement bars which in
conventional manner must be handled by several workers— at a considerable effort. Two robots for this

Figure 14.3 The Large Scale Manipulator (University of Texas)
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purpose, of different configuration, by Kajima and Takenaka, are shown in Fig. 14.4. They save (as claimed
by their developers) over 50% of the human labor component when compared with conventional methods. 

Figure 14.4 Reinforcement placing robots: (a) Kajima; (b) Takenaka 
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Automated concrete pumps

Multi-jointed concrete pumps with rigid links can be automated to lead the discharger to the desired
destinations in a building. The movement of the discharger can be tele-operated or preprogrammed to move
when ordered to a series of predefined locations. Automated concrete pumps are used by the German
Putzmeister Co. and their operation is described in [7]. A Takenaka Co. automated concrete pump with a
jointed horizontal configuration, installed on a floor to be cast, is described in Ref. [4]. An automated
Ohbayashi Co. pump with a cranelike configuration is shown in Fig. 14.5.

These and other applications of assembling robots are described in Refs. [4, 7, 13, 14, 15, 24, 32, 40, 51].

14.4
The interior finishing robot

The generic group of interior finishing robots plays the most important role in the concept of the
industrialized-automated building. The robots can be used for the erection of partitions, tile setting, painting
walls and ceilings, attachment of pipes, conduits and various fixtures to walls and ceilings, welding of
structural connections and other tasks dependent on the nature of the finish works. In a more general
context they can be used for fire-proofing, masonry work, floor tile setting and other functions.

All these activities can be best performed in enclosed spaces from static work stations. The schematic
configuration of the interior finishing robot is shown in Fig. 14.2. The robot performs its tasks from a static
work station. After completing its work at one work station, the robot moves to the next one. It employs a
jointed manipulator of 3 DF with 2–3 DF at the wrist which can bring the end-effector—a gripper or a work
tool—to all the destinations of its work, at a required orientation.

The reach of the manipulator and its payload are determined by the nature of the task, and a typical
configuration of the interior space. Most finishing tasks  are located on the enclosure of the interior space—
its walls, ceiling or floor. A common building interior height of 2.60–3.00 m will require for the
performance of its tasks a jointed arm with a horizontal reach of 1.50–2.50 m and a vertical reach of 3.00–4.
00 m, as shown for example in Fig. 14.11. The reach of the manipulator will determine the amount of work
the robot can do from a single work station. A longer reach will allow for performance of more work; the

Figure 14.5 Automated concreting crane (Ohbayashi) 
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arm, however, will be heavier and costlier, and its maneuverability in small spaces may be reduced. The
optimal reach can be determined by a simulation study, as explained in Section 14.5.

A payload of 200–300 N may suffice for most of the building tasks which require a work tool or handling
of a material piece. The required accuracy of the robot’s TCP (Tool Center Point) will depend on the nature
of the task and the mode of its control. If the work of the robot is to be preprogrammed the accuracy must
satisfy the permitted work tolerances. The specified repeatability (tolerance when repeating the same
operation) of 1–2 mm will usually suffice for the required tolerance of building works; however it may not
suffice if the work requires large changes of reach and weight of the carried load. In such cases the required
accuracy must be provided by a direct human control or by employment of sensors.

The effector used for this type of robot depends on the specific task to be performed. It may be a finger or
a suction gripper for positioning, a sprayer for painting, a dispenser for jointing, etc.

The feeding system of the robot depends on the type of activity to be performed. For various building
activities the objects (blocks, bricks, boards) must be arranged in special pallets with an easy identification
and an access for grasping of each individual piece. For various covering and spraying activities, the liquid
or semiliquid material can be stored in a cannister, placed either on the robot’s carriage—for a low-intensity
usage—or separately—for a high-intensity usage—together with an appropriate pressure pump. The design
of a robot feeding system in interior finish operations is a complex but important task that must be examined
in the general context of site planning.

The control functions of the interior finishing robot may include:

• Navigation of the robot between workstations.
• Identification of the work location; either its trajectory—for continuous path operations like spraying,

painting, jointing, etc., or of discrete points— for point-to-point operations like welding, connecting, etc.
• Identification of materials to be used.
• Direction of the effector in its work.
• Prevention of collisions between the robot body or arm and the environment.

Most of these control functions (with the possible exception of the prevention of collisions) are performed
today by direct human control. However, all these functions can be done autonomously by the robot. For
this purpose it employs “intelligence”: sensors and computerized control procedures. The sensors are
employed to identify the work area, the materials used and the quality of work. 

The specific work area—a wall section to be built, a surface to be painted, a joint to be sealed—can be
identified by markers—reflectors, bar codes or other beacons which are detected with rotating sensors using
an appropriate scanning procedure. Having identified the location of the work area, the robot can proceed to
perform its task by a preprogrammed routine. In a semi-automated fashion the robot can be led to the
markers by an operator and proceed from there as preprogrammed.

In a similar manner the robot may identify the piles or pallets of materials to be used—blocks, tiles etc.
All robots are (or should be) equipped with contact (or proximity) sensors located on their arm or carriage

—to prevent a collision with an obstacle, or the harming of a human operator.
Autonomous navigation between work stations will almost never be justified in building construction

unless the work is performed in particularly hazardous conditions. In such a case it will be preprogrammed,
using reference points identified in a manner explained before.

The manipulator of the interior finishing robot is mounted on a mobile carriage. The carriage and the
manipulator may employ different power sources—an on-board DC battery, an on-board power generator
or an AC external source.
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The robot may use one control system for the manipulator and its carriage, or two different systems—one
for the manipulator and its sensors, and the other for the carriage and its sensors. The carriage may use its
own sensors for avoidance of collision with obstacles (proximity or contact), or for navigation (vision or
laser).

The robot in the generic family of the interior finishing robots may be adapted to a single task, or used for
several tasks. A multipurpose robot of the second type will be discussed in Section 14.5.

Several robot types have been employed in this category—most of them still in an exploratory manner.

General load handling robots

Several types of handling robots are already used in practice. They are employed for handling of heavy
building components—large blocks, beams, pipes etc. They follow the general description of the generic
family—a manipulator of jointed configuration with 5–6 DF, mounted on a mobile carriage. They are
usually guided manually, but they can be also preprogrammed for repetitive tasks.

The Fujita robot of this type described in [22] is shown in Fig. 14.6. The robot, which weighs 8.50 kN,
has a reach of 2.65 m and can handle loads of up to 4.0 kN. It can fold to 1.83 m (length), 0.86 m (width)
and 1.84 m (height) so that it can move easily within the building. It can be equipped with different grippers
according to the load it handles.

Another general handling robot, the SLR 400 of Lissmac Co., can be used for handling of heavy building
elements onsite and in a prefabrication factory. It weighs 18 kN, has a jointed configuration with 5DF, a
horizontal reach of 8 m and a payload of 5 kN. 

These and other interior handling robots are manually guided, although in principle they can also be
preprogrammed.

Robots for placement of boards

Erection of partitions inside the building space is a very important part of the building process both in
industrialized and in conventional building systems. One of the most widely accepted methods is their
erection with gypsum boards (plasterboards) which are attached to light steel framing (studs and racers).
Similar boards can also be used as a finish layer of walls and ceilings. Such finish allows placement of
insulation, electricity conduits and installation pipes between the board and the main wall or floor element.

Plasterboard placing on partitions, walls or ceilings is a strenuous task when performed by manual labor.
A typical board weighs 130–250 N; it has to be positioned on the framing of the wall or ceiling and is
fastened to it with screws. A robot is designated to do the heavy tasks—pick the board from an adjacent
carriage, place it at the required location and hold it until it is attached to the frame by the worker. In
general, even with robotic assistance, a large part of the work — the placement of framing, the fastening
and fitting of the boards near openings and corners, is done with manual labor.

The robot can handle boards much larger and heavier than humans and eliminate the physical effort
associated with this task—especially in the ceiling work. The reported capacity of a man-machine team is
30–40 m2/h.

The attachment of the boards to partitions is easier for humans. The work is done at the ground level and
is more complex for robots—there is more maneuvering and more need for special fitting. The work on
ceilings is more difficult for humans—it usually requires special scaffolding—and easier for robots—the
areas to be covered are larger and accessible in an easy sequential fashion, and require less fitting work. The
productivity gains of robotic work in partitions are therefore smaller (30–50% according to various reported
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sources), and larger (180–200%) in ceilings. The larger the parts of work that must be fitted with manual
labor the smaller will be the overall productivity gains.

Two main types of robots are employed in board placement. The first type is very similar in nature to the
handling robots presented earlier. It has a jointed manipulator with 5–6 DF and uses a suction gripper as its
end-effector. The robot picks the boards from an attached carriage and holds them on the framing to be
fastened to it by manual work. The width of these robots does not exceed 0.80 m so that they can be moved
through regular openings in partitions. The robot can be used for the placement both of partition boards and
ceiling boards. It is operated in a manual fashion by an operator who may also do the fastening work.

A typical robot in this class is the Taisei robot shown in Fig. 14.7(a). It has 6 DF, a horizontal reach of 2.
00 m and a payload of 800 N. It weighs 8 kN. A similar robot with a reach of 1.75, payload of 450 N and a
weight of 6.6 kN has been developed by the Tokyo Construction Co. [25].

A special robot in this group has been developed by Takenaka Co. [52]. Its manipulator consists of a
vertical telescopic link and a jointed horizontal arm with 5 additional DF and has a reach of 0.85 m. The
special feature of this robot is its small weight—500 N, which makes it easily portable by a team of workers.

A different type of interior robot is used for installation of ceiling boards. The typical configuration of
these robots includes a vertical telescopic link which brings the board to the required elevation at the ceiling,
and an “XY table” on which the board is placed. The table can be moved along the X and Y axes to place the
board at the required location, and rotate around one of the axes to bring the board to the necessary

Figure 14.6 Load handling robot (Fujita)
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elevation (as shown in Fig. 14.7(b) for the Shimizu CFR1 robot, Ref. [40]), and align it with the frame to
which it is fastened. The boards can be picked by the “table” from the carrier as shown in Fig. 14.7(b), or be
pushed to the top of it, before lifting, by an auxiliary loading system of the carrier.

Two prototypical robots of a similar configuration—by Tokyo Construction Company (Ref. [10]) and
Kumagai Gumi Co. (Ref. [35]) are designed to do both the placing and the fastening of the ceiling boards.
Both can be operated manually or preprogrammed to place the boards and fasten them to the frame. Their
weight—12 kN (with carriage) for the first and 18 kN for the second, is large when compared with the Shimizu
robot which weighs only 3.5 kN. A prototypical development in MIT of robots for affixing studs and racers
for plasterboards is described in Ref. [31]. 

The board-placing robots are effective when using standard size boards. When the boards must be cut and
fitted around columns, openings, and corners the robotic work must be supplemented by manual work. The
amount of fitting work will depend on the conformance of the design to the use of standardized sizes.

Robots for fireproof spraying of steel beams

The robots in this group are used for spraying of steel beams with a fire-protecting mixture of rockwool and
cement. Their benefit is a gain in productivity reported by the developers as 60–80% of the manual
performance of the same task. Even more important in this application is the elimination (or reduction) of
effort and health hazards associated with exposure to the fireproof substance. Finally a more precise thickness
of coating can be attained with automated control.

The first robot in this group was the fully automated SSR-3 model of Shimizu Co., shown in Fig. 14.8
and described in Ref. [50]. It employed a three-jointed arm, with a spray-gun at its end, mounted on a
vertical telescopic link. The robot could be preprogrammed to do its work autonomously, correcting the
distance between the spray and the beam with the aid of an ultrasonic sensor. A simpler and lighter,
manually controlled version of the SSR-3 spraying robot (the Wetboy) has been also developed. A
prototype of a spraying robot developed by Taisei Co. is described in Ref. [39]. 

Robots for masonry work

Wall masonry is a composite activity, which includes the spreading of mortar, placement of blocks/bricks
and connection to adjacent structure (column or other wall). Most of the benefits expected from robotization
of this activity and some more (e.g. integration of various finish works, speed, safety) can be attained by
using prefabricated wall panels. However, in some countries there is a specific demand for brick or block
walls. The masonry work is strenuous (a block weighs 200–300 N) and dirty—which justifies the
development and employment of masonry robots. Two types of devices have been conceived for this
purpose.

The simple man-machine device includes a gripper suspended from a frame and a mobile work platform.
The gripper can be attached to a block (or several blocks) by a worker and be guided manually to its final
position without physical effort. Devices of this kind—the Minicrane of Lissmac Co. or MEHM of Modern
Technik [9], the equipment of Baumann Bautechnic Co., shown in Fig. 14.9(b), are inexpensive, light and
easily transferable—in the building and between buildings.

A more advanced multi-jointed configuration robot—Bronco—developed by the University of Stuttgart
[26], and shown in Fig. 14.9(a) can be guided by remote control, or preprogrammed to pick and place the
building blocks. Bronco has a reach of 4 m, a payload of 600 N and a weight of 18 kN. The special feature
of this robot is the dipping technique for bonding of blocks—the block, after being picked from the pallet, is
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dipped in a basin with binding mortar and then placed at its location. The SLR 400 robot of Lissmac Co.,
mentioned earlier, can be also used for masonry work. Both robots can be preprogrammed off line by

Figure 14.7 Board placing robots: (a) Taisei; (b) Shimizu 
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appropriate CAD procedures and their average speed is 40–60 seconds per block. Because of their weight
and dimensions their use is probably feasible only in one-story, large buildings.

All the interior finishing robots can render considerable productivity gains —they can work faster than
humans, handle larger pieces of material and their productivity is not affected by fatigue in prolonged
activity. All of them considerably improve the working conditions of humans by eliminating strenuous and
dangerous chores. Their main problem is the supply of materials, which are bulky and difficult to store in
the vicinity of the robot.

Robots of this type—with large jointed manipulators—may cause safety concern when employed in the
proximity of workers.

14.5
The multipurpose interior finishing robot

The concept of the multipurpose interior finishing robot has been outlined in Ref. [46] as a single robot that
can perform, by adaptation of work tools, all interior finishing tasks within the industrialized-automated
building system. The objective of the program carried out at the National Building Research Institute of the
Technion-Israel Institute of Technology, was to develop a prototype of the interior finishing robot, in order
to examine the technological, economic and organizational aspects of its employment. 

The various stages of the development program were as follows:

• Performance specifications and preliminary design
• Small-scale experiments
• Technological adaptation of building methods

Figure 14.8 Fireproof spraying robot 
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Figure 14.9 Automated masonry robots 
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• Small-scale experiments
• Analysis of the robot’s arm characteristics
• Full-scale experiments
• Planning of robotized work
• Mapping and work planning

They will be very briefly reviewed.
Performance specifications and preliminary design. The interior finishing robot was designed to perform

various interior finishing activities within the prefabricated shell of a building. It was assumed that a robot
employed in the same type of enclosed space can perform different activities using the same arm,
locomotion and control system, with its end-effector, feeding mechanism and control program adapted to
the particular nature of the task to be performed. The typical buildings in which the robot was to be
employed were residential, office and similar buildings with an interior height of 2.60–2.70 m and rooms of
10–30 m2 floor area. The tasks that the robot was to perform included building partitions, painting and
plastering vertical and horizontal (ceiling) surfaces, connecting structural components, jointing space
dividing elements, tile setting, and attaching fixtures to walls and ceilings. The weight of the robot was
limited to 5 kN, so that it could conform to existing live load requirements (of 1.5–2.0 kN/m2) in residential
and similar buildings.

The preliminary design in Ref. [45] defined and analyzed various alternatives of manipulators, effectors,
sensors, locomotion methods, and control systems, employed in industrial robots, meeting the performance
specifications.

Small-scale experiments. The purpose of the small-scale experimentation was to examine the
technological problems involved with the performance of various building tasks with the robot. The small
educational robot (Scorbot of Eshed Robotec Co.) with a reach of 0.6 m, 5 DF, and a payload of 10 N has
been adapted to perform three types of construction tasks: building partitions, painting, and sealing of joints
between building components. The robot was mounted on rails to enable movement between work stations
and equipped with a sensor to detect beacons and openings.

Adaptation of basic building tasks. A separate development effort was directed towards the development
of materials technology which allowed a “robot friendly” execution of construction tasks. The main works
that have been targeted in this respect (Ref. [6]) included:

• Building of “dry” partitions. The building method had to allow a dry (mortarless) placement of the
blocks to enable a “single task” employment of the 

robot for all of the masonry work. This was attained by using interlocking blocks that were stabilized
after their erection with a fiber-reinforced plaster coating. Another solution which was tested involved
changing the geometry of the joints in such a manner that a network of small channels has been created
between blocks, which could be filled through “intake ports” by a flowable binding mortar, as shown in
Fig. 14.10.

• Covering of wall with a fiber reinforced plaster, which stablized the dry masonry method.
• Applying floor finish of a self-leveling screed or topping of a desired thickness and color.
• Sealing of joints between perpendicular sections of partitions and walls with an elastomeric self-shaping

sealant which also acts as an adhesive bond.
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Analysis of the robot’s arm characteristics. The robot’s arm, according to the preliminary study, had to employ
three major degrees of freedom, i.e. include three joints (in addition to three joints at the wrist). Its design
involved the configuration—type and position of the joints, its reach, and the dimensions of its links. The

Figure 14.10 Dry building method: (a) interlocking blocks; (b) stabilizing plaster; (c) filled joints 
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evaluation process consisted of four stages. In the first stage, 64 configuration alternatives were examined
for their preliminary feasibility in light of the tasks to be performed. Six configurations were identified as
generally feasible, and examined in the second stage for their efficiency (maneuverability, productivity and
cost) in the performance of the prescribed tasks. In the third stage the preferred configuration was examined
for its optimal reach, and in the fourth for the dimension of its links. Stages 2, 3 and 4 used computer
simulation with a three dimensional simulation program ROBCAD (product of TechnoCo.). The resulting
preferred configuration included a jointed arm with a horizontal reach of 2.00m as shown in Fig. 14.11(a).
The process is described in Ref. [42].

Full-scale experiments. Full-scale experiments were conducted with TAMIR (Technion Autonomous
Multipurpose Interior Robot) which was adapted from the industrial robot—the S-700 model of GMF
(General Motors-Fanuc). Its arm has 6DF, a jointed configuration, a nominal reach of 1.62 m, a payload of
300 N and a repeatability of 0.2 mm. Its configuration is very similar to the configuration of the desired
prototype except that the horizontal reach of the arm is 1.62 m instead of 2.00 m. The basic geometry of the
robot is shown in Fig. 14.11(b).

The industrial robot has been mounted, for locomotion, on a three-wheeled mobile carriage measuring 0.
85 m width, by 0.85 m length, and 0.25 m height. Two wheels are driven by AC motors which, when
operated simultaneously, can drive the robot on a straight path, and when operated separately, cause it to
turn. The maximum velocity of the carriage is 0.2 m per second. During the execution phase, at a
workstation, it deployed four stabilizing outriggers.

The robot has been adapted to perform the following tasks: painting, plastering, tiling and building of
walls and partitions. Special end-effector, material feeding systems and control algorithms were devised and
developed for each task.

The robot and its performance of various tasks are shown in Fig. 14.12. 
Painting was performed with a spray gun with a flow control nozzle. The distance of the gun from the

surface, its orientation, and its speed of movement, were programmed to ensure a uniform desired coverage
of paint. The paint for the robot can be supplied in 30 liter canisters, which suffices for a middle size room.

Figure 14.11 The multipurpose interior finishing robot: (a) the desired scheme; (b) the actual prototype
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Plastering was performed very much in the same manner as painting, and with similar devices. The
supply of material for robotized plastering can be effected either by pumping the mixture prepared on or off
site, or by preparation of the mixture near the work station from prepackaged and preplaced materials. In the
first case a special crew may be needed for connecting and disconnecting of the supplying hose when the
robot is moving between work stations. In the second case, the bulkiness of materials to be mixed and their
preparation onsite can create special logistic problems which were not investigated in this study.

Tile setting included picking the tile with a vacuum gripper, from a pallet, applying glue or other adhesive
material, and moving it towards the designated place on the wall. The application of an adhesive may be
done either manually or by pressing the tile against a glue ejector which has been developed for this
purpose.

Partition building. Partitions were built using the “dry masonry” method with lightweight interlocking
gypsum blocks. The dimensions of the blocks were 0.50–0.60 m (height) by 0.30–0.50 m (length) and 100
mm thick. They were handled by the robot with a vacuum gripper. The auxiliary work required for
robotized partition building includes preposition of plastic strips for guidance of the first layer of blocks at
the floor level and at the joint between the partition and the perpendicular wall. It also requires filling or
finishing of joints at the top of the wall. The blocks could be placed on pallets 1.0 by 1.0 m (one per middle
size room) or 0.70 by 0.70 m (two per room). 

A special method was developed for the orientation of the blocks, once they were picked from the pallet.
The block was moved in front of two light sensors which interacted with the edge of the block. From the
time difference of this reaction and the velocity of the end-effector it was possible to deduce the angle of the
block in relation to the sensors line and then reorient them as needed before their placement. The robot and
its systems are shown in Ref. [28].

Economic assessment was based on the productivity of the robot in its various operations, which was
measured in a series of experiments. It appeared that the employment of the robot could save around 1.3–1.5
workers in painting and tiling and more than 3 workers in masonry (although materials used were more
expensive), when compared with manual construction. The cost-wise economic performance was assessed
in light of the productivity findings for different levels of labor cost rate. The results are given in
Chapter 15. The full study is described in Ref. [43].

Planning of robotized work for a given layout of a building floor determined the location of the robot’s
work stations, of the work assigned to them, and the location of materials for their use. It also indicated the
work areas that could not be accessed by the robot due to the floor’s layout and which had to be completed
manually. The system also calculated the cost of robotized work compared to manual labor. The system
which was developed for this purpose used a graphical 3D ARC+software interfaced with DBASE III. The
planning used as its input the floor layout, the physical attributes of the robot (work envelope and speed),
the packaging of materials and the cost per diem of robotized and manual work. The full study is described
in [2].

Mapping of space for robotized work as a basis for work planning was developed for a typical interior
environment of a building—residential, office, and the like, containing a set of orthogonal rooms, with
doors between the rooms, and openings—doors and windows, in its exterior envelope. The robot can do the
mapping by using range sensors, from different stations, located in the space to be mapped, and from
different positions of sensing device at the end of the robot’s arm. The procedure consisted of determining
the succession of the sensor’s locations, to enable the mapping of the whole floor, and the scanning pattern
from each location. Two types of sensing technologies were examined and tested in the development study:
laser range finder and ultrasonic range finder. A method has been developed for each type of sensing
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Figure 14.12 The full-scale experiments with the interior finishing robot: (a) robot with sensor station; (b) tile setting;
(c) partition building; (d) painting 
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technology in light of the particular features of the sensor. The measurement tolerances were also
examined. The study is described in Ref. [48].

14.6
The floor finishing robot

The floor finishing robot, schematically depicted in Fig. 14.2 is adapted to continuous floor processing
operations such as troweling or grinding of concrete, cleaning, floor tiling etc. Its functions within the
industrialized-automated build- ing system may include filling of joints in the floor, troweling of screed
spread over prefabricated floor slab elements, or spreading of floor cover.

Since most of these activities are simple, homogeneous, continuous, and with relatively small work
content per area unit, the robot can perform them in a satisfactory manner, while moving.

In this manner of operation, the effector can be attached to the underneath of a carriage with little or no
freedom of movement in the horizontal plane with relation to the carriage. The effector will be adopted to
the particular task to be performed—a disc, a brush, a dispenser, etc.

The feeding system of the robot, when material supply is needed for its operation, is attached to the
carriage and replenished from an outside source located at the same floor level or outside the building.

The control system of the robot will have to perform the following tasks:

1 Navigation of the robot on the work surface. The movement pattern can be determined by an
appropriate control algorithm, and monitored by markers embedded in the surface. Alternatively, the
robot can be directed by remote human control.

2 Control of the effector (the contact between it and the processed surface, the mode of processing, the
thickness of cover, etc.). This can be determined by the appropriate processing specifications and
monitored by the feedback of performance obtained through sensors.

3 Prevention of collision between the carriage and possible obstacles in its path.

The sensors employed by the robot for navigation may be light detectors for light-emitting markers or laser
path scanners. Sensors employed for accuracy of coating control can be of ultrason type and for collision
prevention—of any contact or proximity type.

For locomotion, the carriage can be mounted on tracks or rotating wheels which can move the robot in
any direction.

As in the former case, the robots can be designed for a single purpose or adapted to different tasks by an
exchange of an effector and control algorithm.

Several robots of this type are used for trowelling concrete floors. Three are shown in Fig. 14.13.
Troweling of concrete floor—in order to bring it to a desired level of flatness—is done today manually, or
by using rotor shaped power tools. The troweling requires a high level of expertise in identifying the proper
stage of concrete hardening and the right speed rotor blades.

The troweling robots developed by Takenaka, Shimizu, Kajima and Ohbayashi use a system of 2–3 rotors
for trowelling. Their weight varies between 1.85 and 3.0 kN and their capacity is between 400 and 800 m2 of
floor per hour. All of them are equipped with contact sensors mounted on their buffers, to warn against
collision. They can be teleoperated or preprogrammed. Some of them, such as the Ohbayashi robot shown
in Fig. 14.13 use proximity sensors for work planning and navigation. They can map their traveling path
after first sensing the boundary of the area to be processed. Some robots (Kajima and Takenaka)  receive
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Figure 14.13 Troweling robots: (a) Kajima; (b) Ohbayashi; (c) Shimizu 
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their power from an external electricity source, others from an on-board motor (Shimizu FLATKN) or
batteries (Shimizu-MTV-1).

Some horizontal floor finishing robots (Shimizu MTV-1 and Ohbayashi) can use exchangeable work
modules—for different modes of floor finishing.

A light-weight troweling robot—it weighs 730 N and can be quickly dismantled for transportation into
three parts—has been developed by Hazama Co. It is described in Ref. [19]. These and other applications of
horizontal finishing robots are described in [1, 5, 8, 13, 18, 19, 23, 24, 40].

14.7
The exterior wall finishing robot

The exterior wall finishing robot is designated for finishing of large vertical areas, inside or outside of a
building. Typical tasks that such a robot can perform are painting, plastering of the wall, surface inspection,
sealing of joints, tile setting etc. In the context of the industrial-automated building system the robot can be
used for joints fillings, surface inspection, cleaning or maintenance works on the exterior wall elements.

The robot is of a rectangular type—it consists of a vertical carriage with an end effector mounted on it.
The carriage moves up and down, covering vertical strips. It may be suspended from the roof or in some
cases connected to a vertical “mast” which is mounted on a mobile base. Light robots can be attached to the
wall surface by suction, without any type of exterior support. In the case of a suspended carriage, the cable
is attached to a mobile device, with its own locomotion system, which can move on, or near, the parapet of
the building, as shown in Fig. 14.2.

The effector—a spray gun or a work tool—can move on the carriage in the XY directions (in the plane of
the carriage) or in the Z direction (perpendicular to it). It can also, in some cases, rotate around the X, Y, or
Z axes. The movement on a Z axis allows the effector to maintain a constant distance from the wall surface,
even if there are some protrusions from plane. The rotation allows orientation of the work tool in light of the
task to be done.

The movement of the carriage (in the vertical direction) can be automated or guided by remote control.
The operation of the end-effector is usually preprogrammed and monitored by sensors.

The sensors (of the proximity type) can guide the effector around openings or obstacles and monitor its
distance from the surface of the wall.

The main applications, to date, of such robots are in wall coating and wall inspection.

Wall painting robots

Two types of painting robots are shown in Fig. 14.14. The Shimizu Multicoater robot [40, 49] can spray
five different decorative patterns. The Taisei robot [33] has been adapted to a particular type of high rise
building with an exterior wall made of decorative prefabricated panels. It can adapt to the special shape and 
texture of the elements, and their openings. Several other painting robots have been developed by other
Japanese companies and are described in the references cited at the end of this section.

The coating of an exterior wall is usually composed of several layers of paint differing in their material,
thickness, and decorative pattern. The coating speed of a robot varies according to the type and thickness of
the layer between 100 and 250 m2/h and is 4–7 times faster than that of the human worker, when performed
from a “gondola” type scaffold. The robot is assisted by 2–3 workers, who are employed in monitoring the
robot’s work, the paint supply and the activating of the roof-mounted, mobile base. The system is complex
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Figure 14.14 Wall painting robots: (a) Shimizu; (b) Taisei 
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and its installation, together with trouble-shooting and other delays may amount to 40–50% (Ref. [33, 49])
of the total operation time.

The average saving of labor when compared to manual painting of the same capacity amounts to 2–3
workers per robot. Different composition of the coating layers, differences in the capacity of the robots,
different experience with the installation and repairs time, different assessment of the auxiliary labor in
manual painting needed for performance of tasks ill-structured for robotized work, cause considerable
differences in labor saving between different reported applications, so that the gains reported here may be
considered only as a very rough estimate. Exterior finishing robots with similar configuration were used for
tiling [17, 37]—a two-effector operation—one for spreading the mortar base and the other for exterior tile
setting.

A major limitation of this type of robot is their sensitivity to the shape of the exterior wall—its regularity,
flatness and continuity. A prototype of a robot intended to overcome these obstacles is described in Ref.
[36].

Wall inspection robots

These robots are used to test the wall surface or the adhesion of tiles to the sub-surface. Most of them are
relatively small and they can be either suspended from the roof in the same manner as the painting robots or
be attached to the walls by suction. The inspection is done by appropriate sensors mounted on the robot and
their signals are relayed to an outside controller, as shown in Fig. 14.15 . Robots of this type have been
developed by Taisei, Takenaka, Ohbayashi, Kajima, and others.

These and other applications of exterior wall finishers are described in Refs. [11, 13, 21, 30, 33, 34, 36, 38, 40,
 51].

14.8
Other robotic applications

As noted in the introduction, extensive research and development in robotized construction has been taking
place since the early 1980s. This chapter included a short review of the four main generic groups of building
robots as defined here, with an emphasis on their possible employment in conjunction with prefabricated
components. 

Several special types of automated equipment used in buildings, such as automated platforms, forklifts,
interior air inspectors, measurement and marking systems and clamping devices, were not reviewed here.

The whole area of civil engineering applications in excavating, tunneling, earth-moving, paving,
demolition, surveying—with their immense potential for automation—was also out of the scope of this
book.

Most of these developments are extensively covered in the Proceedings of ISARCs—the annual
International Symposia on Automation and Robotics in Construction, the Journal of Automation in
Construction and in the ISARC catalog of Robots and Automated Machines in Construction [24].

14.9
Summary and conclusions

The particular features of building construction made it generally less conducive to automation than various
manufacturing industries. However, the development of robots that can move and sense the environment
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facilitates the automation of various building tasks. The robots employed in construction could save human
labor, especially in hazardous and undesirable human tasks, and also improve the general quality of building
works.

Figure 14.15 Wall inspection robot (Kajima)
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Following an analysis of most prevailing building construction activities, it is possible to identify four
generic ‘families’ of construction robots best suited for this purpose:

1 An assembling robot for handling large building structural components — columns, beams, precast
slabs, and wall panels. Its configuration will be similar to that of a regular building crane, with an
additional degree of freedom at the wrist, necessary for orientation of objects to be positioned. Such
cranes can be used in the handling of loads, assembling, reinforcement placing and concreting.

2 An interior finishing robot for performance of various finish works in the building interior, such as
load handling, erection of partitions, masonry and fireproof spraying.

3 A floor finishing robot for processing of large horizontal surfaces, such as troweling, cleaning,
grinding.

4 An exterior wall finishing robot for finishing of large vertical areas inside or outside of a building,
such as painting, tile setting, inspection.

Each family may be further subdivided into robots adapted to specific building tasks. Alternatively, general-
purpose robots can be employed for an execution of whole groups of tasks, with each task performed with a
separate effector and control system.

Assignments

14.1 Design a workstation for painting or sandblasting of exterior walls, as in assignment 1 of Chapter 13.
The walls are placed by cranes on static stands, and can be removed to storage 4 hours after their
processing. The required output of the system is 20 wall units per day. Prepare a layout of the work
area and determine the parameters of a mobile robot required for this task. 

14.2 Design a workstation for a surface inspection of an exterior finish of wall elements. The inspection
will be performed by available vision or tactile sensor mounted on the robot. Determine the layout of
the station for an output of 40 wall units per day. Determine the configuration of the robot.

14.3 A block partition surrounding an interior space of 10 m×4 m, with a height of 2.80 m, has to be
erected by a construction robot. The size of the building blocks is 500 mm×200 mm×100 mm and
they are made of a lightweight concrete with a density of 500 kg/m3. The wall is erected with a dry
method (without mortar).

Determine:

a The configuration of the robot and its effector, in view of the above described task,
b The size and the composition of the pallets containing the building blocks,
c The location of the robot, its work pattern, and the location of the pallets within the station.
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Chapter 15
Building Robotics

Implementation Aspects

15.1
Introduction

It was shown in Chapters 13 and 14 that at the present state of technology almost all, or at least a substantial
part of building works, can be performed by robotic systems. In all applications these systems can save human
labor and considerably improve working conditions. It is therefore somewhat disappointing to find that the
extent of implementation of robotics is still very limited. The surveys described in Refs. [15] and [40]
indicated that only a small fraction of the 80–100 developed and tested systems—12% in one survey and
less than 10% in the other —resulted in a viable commercial product. We will review here again the
perceived benefits of robotization in building, and the barriers which impede it. We will then explore these
barriers in more detail.

Several major surveys have been conducted in Japan (Refs. [1, 13, 15, 19, 23, 37]) in United States (Ref.
[2]), and in Europe (Ref. [26]) to examine the attitude of construction practitioners—contractors, engineers,
manufacturers of construction equipment, leasing companies and subcontractors—toward robotization. The
general attitude of the participants towards robotization was positive and the expected benefits from the
application, as revealed in these surveys, can be summarized as follows:

• Saving of human labor
• Better safety
• Economy (cost reduction, improved productivity)
• Effectivity in performance of special tasks (high precision, large force)
• Shortening of construction time
• Better work environment and working conditions
• Higher quality.

To Japanese practitioners (Japan employs almost all construction robots and the majority of industrial
robots in the world) the saving of labor and the improvement of working conditions were considered as the
most important benefits. This is not surprising—Japan suffers from an acute shortage and aging of
construction labor and the working conditions on construction sites are often referred to by the Japanese
(Ref. [36]) as 3K: kitsui (difficult), kitanai (dirty) and kiken (dangerous). They are very unattractive to
young people. The more important benefits, as perceived in the United States [2] and Europe [26], were the
productivity gains and safety. The difference between the attitudes in Japan and the US were highlighted in
Ref. [6].



The main barriers to implementation as cited in Refs. [1, 23, 26, 36] and others were high development
costs, low economic incentive, and lack of managerial support. Wakisaka [37], who surveyed the attitude of
equipment manufacturers and leasing companies, found almost no involvement of the latter in leasing of
building robots for reasons of low profitability. Muro [19], who examined the attitude of subcontractors and
foremen, found that although all of them valued the potential benefits of robotization, less than 50% of them
believed that they can be actually realized. The main barriers as cited by the participants of Kameda survey
[15], which examined the twelve more successful application cases, were insufficient economic effect,
inappropriateness of the building sites and inadequate performance. Neil et al. [20], [21], who examined in
Australia the possible applications of robotics to several construction works, concluded that the small
economic gains and some intangible benefits that could possibly be realized were not sufficient to justify
the organizational change involved with implementation. The apparent barriers were summed up by
Warszawski and Navon [40], who examined most of the reported cases of substantial robotic development.
The developers were asked for reasons for discontinued advancement of prototypes of building robots,
which have been tested and even employed on actual construction sites. These reasons were cited in their
order of importance:

1 Lack of appropriate building sites
2 Need for further development
3 Lack of economic justification
4 Lack of interest of the company management
5 Availability of better equipment for the same function
6 Conservatism of potential users
7 Logisitic problems with material supply to robots.

Reasons 2, 5 and to certain extent 1 and 7 have to do with inadequate development of robotic systems and with
the poor adaptation of building methods not sufficiently attuned to the constraints of robotic work. Reasons
1, 4, 6 and 7 have to do with inadequate managerial support. The economic reason (3), although not ranked
high in the surveys among the expected benefits of robotization, nevertheless seems to be an important
barrier to implementation—at least in the transition stage. In the risky, volatile and highly conservative
construction environment the economic benefits of robotization must be clearly visible to management,
even when not easily quantifiable, to justify the significant long-range commitment to implementation.

These barriers will be examined in the subsequent sections of this chapter. 

15.2
Development of robotic systems

Inadequate development of the robotic systems was cited in the former section as one of the more important
barriers to the application of robotics. The reasons in this domain seem to involve the feasibility of the task
to be robotized as viewed by potential users, and its operational efficiency.

General feasibility

As already noted, almost all building works can be robotized but the value added of robotization to users is
not always justified. The value added depends on the expected benefits: some of them, such as productivity,
can be directly quantified; others, such as improved working conditions, cannot. A consideration of
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quantifiable and non-quantifiable benefits of the task to be robotized can be treated by examining its
“attractiveness index.” is a weighted average of the measures of importance wi of
the various objectives i, to be attained (efficiency, safety, quality, etc.) by robotization, and the extent pi by
which they can be attained in a particular application, or by a particular robotic system. Various methods for
identification of objectives and elicitation of their weights and measures of attainment are presented in Ref.
[3, 8, 16] and in other sources. The index may be used as a measure for assigning robotization priority to
different works or as a measure of the effectiveness of a particular proposed system.

The approach adopted here (Fig. 15.5) for the evaluation of a particular robotic system is first to assess its
directly quantifiable economic value to user— the tangible gains less costs, and then enumerate and
examine the other—nonquantifiable benefits (and limitations)—as a basis for additional consideration.

Efficiency of operation

The efficiency of the robotic system is determined by the resources, direct and indirect (e.g. logistics,
managerial attention), necessary for its employment per work unit and the extent to which it can be
employed in various projects of the user. A more efficient system requires less resources and allows for
more extensive application. The factors which determine the efficiency of the system at its development
stage include: the mode of employment, weight, maneuverability, power supply, materials supply and the
reliability of the system.

Mode of employment. Robots can be employed in building construction in different manners of
interaction with human workers. They can be completely autonomous, partly autonomous, or continuously
guided by an operator. They can be assigned to self-contained activities or interact with human workers in
performing them. The mode of employment will depend on the value added attained by it, i.e. to what
extent the autonomy of the robot can save human guidance, prevent human exposure to hostile conditions, or
improve the quality of work. 

In an almost completely autonomous construction process an “intelligent” robot can map the working
area (as explained in Chapter 14.5) using an array of sensors, plan its work, and carry it out by self-
navigating from one work station to another. Such complete autonomy, although technologically possible,
will require a very intricate structuring of the building system in terms of design, precision of building
components and reliability of the robotized system. It will not be feasible at present unless justified by
extremely hostile or hazardous conditions.

Robots may be employed semi-autonomously in conjunction with a human operator. The robot may have
its work programmed with relation to reference points—beacons, reflectors, markings or some prominent
fixtures. The robot may be guided to these points by an operator (with a teach box or other device) and do
its portion of preprogrammed work with relation to them. This can be done in painting, masonry, troweling
and other relatively well structured tasks. While the robot is doing its preprogrammed part the operator can
do some related work or guide another robot. The set up necessary for such work is easier than when the
robot is fully automated, but a continuous presence of human operator is required.

Thirdly, robots may be employed under the continuous (joysticks or push-button) guidance of the operator.
This mode is easiest in terms of precision requirements from the work area and does not require sensors for
orientation. Such employment may be justified when the robot relieves the worker from particularly
strenuous or dangerous work, e.g. placement of heavy building blocks.

Another aspect that has to be determined is the cooperation between the robot and human labor in the
performance of a particular activity. Well structured but strenuous tasks can be performed by the robot,
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while easier, but ill structured tasks can be performed by human laborer. Here are some examples of such a
division of labor in a man-machine team, which were illustrated by practical applications in Chapter 14:

• The worker prepares the framing—studs and racers—for drywall; the robot brings the boards to their
intended location; the worker attaches them to the framing.

• The worker prepares the marking for a masonry wall. The robot brings the blocks and arranges them in
layers; the worker places mortar between the layers.

• The worker marks the area for tile-setting and pastes it with glue. The robot sets the tiles on the prepared
area.

• The robot paints the wall; the worker makes the necessary corrections near the openings or corners.

The mode of employment and the level of autonomy will obviously affect all the features of the robot. An
excessive demand for autonomy may unnecessarily inflate the robot’s cost with only modest value added.
Close physical cooperation in a man-machine team may result in very simple and inexpensive robot
devices, as shown in Chapter 14, for masonry, board placement and materials handling. On the other hand,
the close involvement of an operator in the physical tasks does not allow the utilization of automatic
features for safety and improvement of work conditions. 

Weight. Problems in this respect may be encountered with robots to be employed in the building interior.
Their weight, in many cases of development, exceeds the design live load requirements of some common
building types, especially residences and offices where the live load is relatively low. Either heavy robots
cannot be employed in such buildings or building design will be made costlier by adapting it to robotic
work.

Maneuverability. Many interior tasks must be peformed in constrained (small/narrow) spaces with work
areas that cannot be accessed by the robot’s end-effector. In a similar manner, robots employed on building
exteriors may have difficulty adapting to openings or some fixtures that may interefere with their work.
Robots working on horizontal floors may not be able to work near corners, openings or columns. The work,
in the interior or exterior, which cannot be accessed by the robot will have to be performed by manual
labor, often at higher cost and larger organizational effort than with a wholly conventional method.

Power supply. Robots moved by power supply from a static outlet are very much restricted in their
movement. An on-board power source such as a battery will facilitate very much the robot’s movement.

Materials supply. The volume of materials needed for robotized work in many construction operations,
and their bulkiness, requires special attention to their packaging, which must be compact in terms of the
space it occupies, and allow for easy identification of individual pieces, and their grasping by the robot’s
effector. The temporary storage of these materials in the vicinity of the robot may be difficult in the case of
small interior spaces and impose excessive demands in terms of work planning.

Reliability. Robots must be reliable in terms of their ability to work in a typical construction
environment. They must be sturdy enough not to be affected by a contact with unaccounted for obstacles,
and easy to repair. The studies reported in Chapter 14 indicate that in some robots 15–20% of operational
time has been spent on various needs of “trouble-shooting”.

Summing up—robots must have their task and mode of operation carefully defined. Once it is defined, a
care must be taken that their weight, maneuverability, or difficult materials supply will not restrict them to
only certain very “convenient” types of buildings that will hardly justify the large investment and the
organizational effort involved in their employment. On the other hand they should not be over-designed.
Their payload, reach, configuration (in terms of the number of joints) and autonomy should be determined,
to satisfy the specific task or tasks to be performed—not less and not more.
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15.3
Adaptation of building technology

The development of robotized construction involves the robotic system as explained in the former section,
and also the building technology, which may, and usually should be, adapted to robotic constraints. 

The building works can be divided, in view of their adaptability to automation, into works that can be
completed with one basic task—from these enumerated in Table 14.1—and these that cannot. The former
could be done, in principle, with a single effector and a single “pass”—without a need to return for
additional processing to the initial location of the end-effector once the work there has been completed.
Examples of such works are troweling, welding, shotcreting, or sealing. Other composite works require
several basic tasks to complete them. Examples of such works are multi-layered coating, each layer with a
different composition of materials; block or brick masonry, which requires placing of blocks and spreading
of mortar; and erection of plaster-board partitions, which includes several positioning and jointing tasks.

Although from a purely technical viewpoint all composite building tasks can also be executed by robots,
the single-phase tasks are obviously more adaptable to automated construction. The development and
employment of a robot for each particular composite task may be so involved and resource consuming that
the feasibility of implementation will be very much in doubt. It is therefore advisable whenever possible to
select for robotization a technological alternative that can be performed with one basic task. If such an
alternative for execution of some building work does not exist, it is worthwhile to examine the
technological possibility of its development.

Furthermore, the single-phase tasks can be divided into these groups:

1 Tasks that involve covering or conditioning of continuous surfaces, such as painting, spraying,
plastering, troweling, spreading of mortar or glue, cleaning, polishing, grinding, or sandblasting.
These tasks can be performed, without any difficulty, at the present stage of technology with the types
of robot described in Chapter 14.

2 Tasks that involve moving the effector at different locations in a predetermined pattern—linear or
point to point—in order to accomplish the required function, for example, welding, bolting, taping,
jointing, grouting, and spreading of resilient material rolls (for flooring or wall cover). These tasks
can also be accomplished without particular difficulty at the present stage of technology if a sufficient
accuracy can be achieved both in the dimensions of the structural elements to which the tasks are
applied and in the access points of the robot from which it commences its task. Since these conditions
cannot be assured with the present building conditions, the robot can be usefully employed only if
guided by humans or equipped with sensory devices to monitor its performance.

3 Tasks that involve handling, positioning and assembling of small building components such as blocks,
bricks, boards, timber planks, fixtures, inserts, etc. These tasks are difficult for robotization because
they require a very precise storage of components, careful multi-axis manipulation and accurate
orientation, positioning and jointing. On the other hand, for this very reason, because they are done at
present in purely manual fashion, they offer the highest potential for improvement in terms of
productivity, safety and working conditions. The manipulation and positioning of these components
can be performed by available prototypes of interior robots; however their attachment to each other
still requires further development. It is therefore advisable to incorporate these works as much as
possible into prefabricated assemblies. For their performance on the building site their jointing
technology must be improved, or adapted to easiest human assistance.

4 Tasks that involve handling of large building components—prefabricated assemblies, beams and
columns made of concrete or structural steel. The performance of these tasks requires:
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• Grasping of the elements
• Carrying the elements to destination
• Positioning the elements at required location and orientation
• Temporary or permanent attachment of the elements to the existing structure.

Mechanized handling of elements can be done today by any type of ordinary crane. It is the grasping,
orientation and positioning function that requires the largest development effort but also promises the
highest payoff—in terms of saving human labor and reduction of exposure to safety hazards and physical
effort. The technological attention in this case involves the adaptation of elements to their easier grasping
and temporary attachment to the existing structure. These aspects have been discussed in Chapter 14. The
following conclusions can therefore be drawn with respect to robotization of building construction activities:

• Large structural components should be shaped in a manner which will facilitate their easy grasping and
attachment to existing structure.

• As much as possible of the finishing works should be built into prefabricated assemblies. This applies to
exterior finish, insulation, frames, inserts, conduits, and other fixtures. It can be done within an
automated prefabrication process offsite.

• The remaining finishing operations of the material ejection type: painting, plastering, welding, jointing, etc.
should be adapted to application of a single tool and a single “pass” of work.

• The finishing works which require positioning of small components should allow easy packaging, easy
identification and grasping by the robot, and easy attachment to existing structure using a single type of
effector.

• The connection of structural components should be made by spot or linear activities involving welding
or application of adhesives.

• The jointing between interior and exterior planar elements of wall, partition, floor and ceiling should be
performed by a sealing or filling elastomeric material and a gun-type tool which can be easily handled by
the robot.

A building well suited to the employment of an industrialized-automated building system should therefore
include the following features: 

1 The shell—floor slabs, vertical supports and exterior walls—should be made of prefabricated
elements containing maximum amount of subassemblies (walls, doors, plumbing) and finish works.
These prefabricated elements should be self-attaching and self-supporting, so that they can be
positioned on the existing infrastructure by an assembling robot or an automated crane, with minimum
or no human assistance. Markers—reflectors, bar codes, etc.—can be preplaced in the prefabricated
elements, for interaction with sensors during the finishing stage.

2 The shell should be designed for maximum spacing of structural supports so that the building interior
will be left as free as possible for rational performance of finish works.

3 Partitions should be composed of the largest blocks that can be handled by the interior robot. They
can be made of interlocking lightweight blocks— gypsum or cellular concrete—possibly with a “dry”
method of the type explained in Chapter 14. A partition may also be erected with plasterboards on
racers, prepositioned in prefabricated floor slabs. Blocks or boards should be designed and produced
in sizes adapted to a particular work section and then packaged and placed in a manner that will allow
easy access for the robot from its work station.
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4 Connecting of structural elements to each other by welding of preplaced connecting fixtures or by
application of adhesives of sufficient strength.

5 Sealing or filling the spacings between elements—for example, exterior wall to exterior wall, interior
wall to exterior wall, partition to partition, or bottom floor slab to upper floor slab—can be done by an
appropriate sealing material which fills completely the space—10–30 mm wide—and attaches itself
to elements on both sides without shrinking, cracking, or deteriorating with time.

6 Interior wall finish should be a single layer coat of a desired thickness, applied by spraying. The
material used should render an acceptable aesthetic appearance of the wall surface.

7 Floor finish can be obtained by an application of a self-leveling screed, which upon hardening should
attain an aesthetically acceptable finish. Alternatively, in large areas the floor finish can be done by
rolled carpet sheets which can easily be spread and attached to the base.

8 Roof insulation can be performed in the same manner as the floor finish— either by spreading of a
semiliquid substance or by spreading of rolled fabric sheets with appropriate insulation and durability
qualities.

9 Conduits and wiring can be either prepositioned in prefabricated elements, placed in slits—cut by the
robot onsite—or taped and attached to the exterior wall surface.

All the finishing activities, with the exception of flooring, can be done by a multipurpose interior finishing
robot. Flooring with a simple or a decorative self-levelling screed can be pumped and troweled if needed by
a small troweling robot —before the erection of partitions. 

15.4
Managerial involvement

Successful implementation of a robotized system depends on managerial support at the company level and
on the building site. The lack of such support was cited in various surveys as a major barrier to success. The
managerial support to the advancement of robotized construction requires strategic commitment of the
contractor’s company, and careful planning of implementation in each particular project.

The strategic commitment

At the present stage of development robots cannot be owned and employed by subcontractors as are other
types of equipment. An active managerial support on the building site is essential to the successful
employment of robots. Such support requires the strategic commitment of the company, which involves the
following issues:

• A comprehensive feasibility study of prospective robotization options in light of the projects in which the
contractor engages or intends to engage.

• Possible involvement in the development or adaptation of the selected options (as explained in
Section 15.2).

• Introduction of appropriate work procedures onsite—for ascertaining the building precision required in
robotized work, introduction of safety measures, packaging and supply of materials used by robots,
installation of robots and their transfer onsite and between work sites.

• Preparation of guidelines for adaptation of building projects to be robotized as explained later.
• Development of procedures for work planning in such projects.
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• Appropriate training to all parties in the company involved with the robotized work—in planning,
operation of robots and their maintenance.

The building design

It is clear that the building contractor can determine or influence the design of buildings and its construction
technology only if he actively participates in the design process. This is, at present (until the principles of
robot-friendly technologies become common knowledge) a prerequisite of successful implementation.

The lack of suitable building projects was cited (see 15.1) as an important barrier to the acceptance of
robotized work. The issues which have to be examined in this respect are the following:

• Careful selection of buildings suitable for robotized work, in terms of their size and possible adaptability
to robotic constraints.

• Adaptation of the building technology to robotized work. This subject was examined in Section 15.3. 
• Adaptation of design to robotized work. It is evident that such adaptations can be introduced only to the

extent that they do not affect the specific function of the building. The design adaptations may involve
slight reconfiguration of interior space to improve the accessibility of the robot to its work areas, creation
of large spaces which may be later partitioned by their users, the width of doors which allows passage of
the robot, availability of landings adapted to robot transfer. It may also involve simplifications in the
design of the exterior envelope to make it adaptable to robotized work.

Planning of work onsite

The robotized construction has to be carefully planned for each building site. Planning involves these
subjects:

• Types and numbers of robots to be employed (in light of the schedule requirement) and their assignment
to work areas.

• Location of work stations for each task, and the route of robot’s movement between them.
• The work to be performed from each station by the robot—and the complementary manual work in areas

which cannot be accessed by the robot.
• Design, prepackaging and location of materials to be used at each station.
• Work programs for each work station.
• Methods of transfer of robots between different work areas (floors, buildings) in the project.
• Other necessary coordination between robotized and conventional construction onsite.
• The schedule of work, maintenance and transfers for each robot.

15.5
Assessment of economic feasibility

It was mentioned in the introduction to this chapter that lack of a convincing economic justification has
been cited in various surveys as perhaps the most important barrier to the implementation of robotics in
building. In simple terms it requires that the benefits—preferably tangible benefits—derived from the
robot’s employment will exceed its utilization costs. We will therefore examine the costs and benefits of a
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robot’s employment and then assess them with reference to the multipurpose interior finishing robot
examined in Chapter 14.5.

The cost of robotized work

The total cost of robotization of a construction task is composed of the direct cost of robotized work and the
indirect costs: the capital cost of the robotized system, the cost of maintenance of the robot, and the cost of
the robot’s setup and transfers. If a robot is employed for different works onsite then the indirect cost is
allocated accordingly to each operation. The total cost cr of robotized work per unit can be calculated from:

(15.1)
here Crs=the capital cost of the robotized system per year, as calculated with eq. (15.2)

Cd=the direct cost of the robot per hour, as calculated with eq. (15.3)
Qh=the output of the robotized system per hour
H=the number of hours the robot is employed per year
ct=the cost of transfers per unit, as calculated with eq. (15.4)
CM=the annual maintenance cost. It is composed of routine—weekly or daily—maintenance of the robot,

and the cost of its malfunction and repairs. The latter is often calculated as a fixed percentage of the initial
investment.

Capital cost

The annual capital cost of the robot includes the annual depreciation cost and the interest on the investment
in its purchase or development. It can be calculated as explained in Chapter 10.

The cost of the robotized system per year Crs includes the depreciation and interest, and can be calculated
from:

(15.2)
here P=investment in the robotized system (the robot and its peripheral devices)

L=terminal value of the system at the end of its economic life
i=annual interest rate
n=economic life of the robot (years) , capital recovery factor of

the investment over a period of n years with an annual interest rate i, as explained in Chapter 10.

Direct cost

The direct cost, varying directly with the number of work units, includes the cost of the robot’s operator, the
cost of operating the robot, the cost of materials, and the cost of auxiliary labor necessary to assist the robot.
Auxiliary labor may be needed for materials handling for the robot’s use or for complementing robotic work
in places which are unaccessible to the robot.

The direct cost of robotized work per hour Cd can be calculated from:

(15.3)
where Co=the cost of an operator (or a skilled worker), per hour. This depends on the mode of control of the
robot: whether an operator is needed continuously for each robot or whether the operator can
simultaneously perform additional tasks, such as doing auxiliary work, or overseeing the work of other robots.
In the latter case this cost component will be reduced accordingly

BUILDING ROBOTICS 367



Ce=cost of resources—electricity, fuel, or other—needed for the operation of the robot per hour
Cmt=cost of materials per work unit
Cx=cost of auxiliary labor per work unit

Transfer cost

The cost of transfers includes the cost of a robot setup onsite, the transfer of the robot between different
locations (floors, buildings), and, in the case of a robot employed from temporary workstations, the
traveling of the robot between the stations at each location. The setup cost of a robot onsite includes
transportation to and from the site, its installation onsite, and the cost of all organizational adaptations that
are needed to enable robotized work onsite.

The setup and transfer cost of the robot per work unit ct can be calculated from these components as
follows:

(15.4)
where Cs=average setup cost of the robot onsite

Qs=average number of work units of the robot onsite
Clc=average transfer cost of the robot between locations (floors or buildings) onsite
Qlc=average number of work units for the robot per location
Cw=average traveling cost of the robot between workstations. This cost component applies only to robots

which perform their work from temporary workstations
Qw=average number of work units per workstation
It can be seen that the cost of robotized construction depends on a number of parameters, which can be

categorized under four main headings:

1 Parameters dependent on the nature of the work, to be done: robot productivity (in terms of the
number of work units produced per hour), and the technological adaptations necessary for robotized
performance of the task and the auxiliary work needed. The more ‘robot-friendly’ the task, the higher
the robot’s productivity (output per hour), and the smaller the adaptation and auxiliary labor costs
required.

2 Parameters dependent on the nature of the robotized system: the investment, the operation, and the
maintenance costs of the robot and its setup and transfer costs onsite. A ‘user-friendly’ robotized
system is inexpensive to operate, easy to maintain, and, most importantly can, through its versatility,
be employed a considerable number of hours per year. High versatility means adaptability of the
robot to different works and to different building configurations.

3 Parameters dependent on the nature of the construction projects: the amount of work onsite which is
suitable to robotized construction, and the dispersion of work between different locations and
workstations. The dispersion of work may largely depend on the robot’s accessability to space within
the building. A ‘robot-friendly’ project has a large amount of suitable work, few and easy transfers,
and small adaptations cost onsite.

4 The number of hours a robot is employed per year, this parameter is very important, and takes account
of the high fixed cost of the robot, which has to be distributed over a given number of its work hours.

The cost of robotized construction, calculated in this manner, has to be evaluated in light of its benefits.
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The benefits of robotized work

The benefits of robotized work can be both tangible and intangible. The tangible benefits are primarily the
cost of labor saved due to robot employment and can be readily evaluated in direct money terms. The intangible
benefits are more difficult to measure objectively in money terms. Such benefits are the higher quality of
robotized work, the reduction of construction hazards, and the elimination of strenuous and dirty
construction tasks. These benefits are reviewed and evaluated in Section 15.6.

The feasibility analysis of the interior finishing robot

An economic analysis, done as explained above, of the performance of the multipurpose interior finishing
robot (described in Section 14.5) was presented in Ref. [39]. The following assumptions were made for this
purpose:

1 The comparison referred to a “model” building, comprising 8 stories of 1000 m of floor area each.
The building included 600 m2 of partitions and 1500 m2 of interior wall cover (plaster or painting), per
floor. These quantities of finish works per floor were determined from studies of typical building
(residential and office buildings) projects.

2 The productivity of robotized and manual work, and the consequent labor saving was based on
productivity measurement data presented in Table 15.1. It was assumed that for all tasks, the robot
needs the continuous attention —direct guiding or supervision—of one skilled operator.

3 The speed of movement between work stations was assumed as 10 m/min, the time set up at work
station as 3 min and the time of transfer between floors as 30 min. The time of transfer between
building sites was assumed as 4–8 hours.

4 The maintenance time was assumed as 0.5hr/day or approximately as 6% of the work time. The cost
of major repairs was assumed as 10% of the initial investment per year.

5 Two labor rates were examined. The higher rate of skilled labor was assumed as $25 per hour and the
cost of non-skilled labor as $18.75 per hour. The lower labor cost rate was assumed as 50% of the
high rate.

6 The (actual) cost of the robot was $130,000, which included $100,000 for the basic cost of the industrial
robot and $30,000 for the cost of adaptations.

7 The economic life of the robot was assumed as 5 years and the rate of interest on investment as 7%
per year.

The results are presented in Table 15.1, for productivity analysis, and in Table 15.2, for cost analysis.
The economic analysis has been performed for two employment levels. The employment of 1500 hours

seems to be more plausible, considering also the transfer time of the robot between constructionsites.
However the rate of 2000 seems also realistic in view of the multipurpose capacity of the robot. One can
notice from this comparison that with higher labor costs all the examined robotized works can be justified
economically just by their saving of manual labor. The savings are most significant in masonry work, which
requires however the greatest managerial attention to very careful material handling and planning of work
onsite. At lower labor cost the robotized work will be more expensive than the conventional method except
for masonry, and its implementation must be justified by other benefits—safety, improvement of work
conditions, saving of time and their economic implications.

The sensitivity analysis with respect to the changes in economic life of the robot in the the range of 4–6
years and the rate of interest in the range of 5–10% did not produce significantly different results.
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In order to complete the feasibility study one should also consider the benefits of improved working
conditions and, whenever applicable, productivity gains under harsh climate conditions and with shift work.
They are examined in

Table 15.1 Comparison of labor input in manual vs. robotized performance of interior finishing works

Labour input. input (in minutes per m2 of work and area)

Painting Plastering Wall tiling Masonry

Direct time in task performance 0.33 1.00 33.33 5.00

Indirect timea 0.94 0.97 2.99 1.35

Auxiliary work 0.40 3.94 – 6.35

Total with robotized work 1.67 5.91 36.32 12.70

Total with manual work 3.80b 7.20b 90.00 60.00

Saving of labor input 56% 18% 60% 79%

Number of workers savedc 1.3 0.2 1.5 3.8
a Includes transfer time between sites, floors onsite, work stations, and maintenance time. With a mechanized spray

gun.
c With respect to manual task performance at the same pace.
Source: Reference [43]. 

Table 15.2 Cost comparison with manual vs. robotized performance of interior finishing worksa

In percent of manual cost

Painting Plastering Wall tiling Masonry

Robotized cost at higher labor rateb

(1500 h/yr)
90% 100% 92% 55%

Robotized cost at higher labor rate
(2000 h/yr)

78% 92% 79% 51%

Manual cost at higher labor rate 100% 100% 100% 100%

Robotized cost at lower labor ratec

(1500 h/yr)
135% 136% 143% 92%

Robotized cost at lower labor rate
(2000 h/yr)

112% 118% 118% 85%

Manual cost at lower labor rate 100% 100% 100% 100%

Includes: for manual work—the cost of labor; for robotized work—the cost of robot, the cost of labor, and the material
cost differential.

b The higher labor rate is $25 per hour for skilled labor, and $18.75 per hour for unskilled labor.
c The lower labor rate is $12.5 per hour for skilled labor, and $9.40 per hour for unskilled labor.
Source: Reference [43].

section 15.6. The safety aspects of robotic work in this type of application need additional clarification as
explained in Ref. [29].

Similar economic analysis of costs vs. benefits of labor saving has been done by Drees (Ref. [3]) for the
building Bronco robot described in section 14.4; by Moselhi (Ref. [18]) of automated concrete placing and
finishing methods, described in section 14.6; and by Skibniewski (Ref. [30]) for automated sandblasting.
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A simplified economic evaluation

The economic analysis presented in the former section can be carried out by the robot’s prospective user in
order to compare the cost of robotic vs. conventional methods for a given construction work. It can be also
carried out by the robot’s developer in order to determine if the robot’s value to prospective users, in terms
of the labor saved, and other benefits, will be economically attractive enough to purchase it.

As much of the relevant data about the robot or its employment conditions may be unknown at the
decision time, a decision must be based on the analysis of the sensitivity of its effects with respect to all
uncertain parameters. Since the number of such parameters is extensive, and each of them can vary
considerably, the number of sensitivity analyses (notwithstanding simultaneous changes in several
parameters) is so large as to become meaningless. It is therefore preferable to focus on several key
parameters—the cost of labor saved, the cost of transfer, and the extent of employment (hours per year).
The changes in these parameters can be handled in a manageable way in order to identify, in a general
manner, the economic potential for robotization. 

The total transfer cost was assumed, for simplicity, as being directly proportionate to the number of
transfers between sites. The cost of transfer between the sites includes the dismantling of the robot, its
transfer to the new site, and its setup. It is in most cases the dominant component of the total transfer cost.
The cost per transfer in the simplified model will include therefore the transfer cost between the sites and
the average cost of transfer onsite. The latter comprises the transfer between locations and between
workstations and depends on the nature of the building and of the composition of its finishing operations.

A uniform labor wage rate for all types of labor was also assumed.
Finally it was assumed that the terminal value of the robot at the end of its economic life is negligible.
These assumptions enable approximate calculation of the maximum feasible investment in a robot, under

different circumstances pertaining to its most important variables: labor wages, the number of work hours
per year, the size of an average project, and the cost per transfer of the robot.

The maximum feasible investment was calculated in eq. (15.5) as a breakeven value of the investment for
which the annual benefits B from the robot’s use cover its annual cost C.

(15.5)

where V=the maximum economically feasible investment in a robot (breakeven value)
H=the total number of robot working hours per year

 , capital recovery factor of the investment over a period of n
years with an interest rate i (as explained in Chapter 10).

h=the average number or robot working hours per site
Ct=an average setup and transfer cost per site (all types of transfers)
Ce=the operating cost of the robot per hour
k=number of labor hours saved per hour of robotized work
Cl=labor cost per hour (average)
I=intangible gains of robotization per year
Cm=the cost of maintenance per year
We will proceed to determine the feasibility of investment considering only the tangible benefits of labor

saving.
The value V (the breakeven value) of the robot to the user, calculated with eq. (15.5) for different values

of these variables, is shown in Table 15.3, assuming the following parameter values, adopted from Ref.
[39]:
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Ct=$1000 per site
Ce=$2 (for energy) per hour
Cm=  i.e. the annual maintenance includes repairs and replaced parts at

10% of the initial investment in the robot, and a routine maintenance equivalent to the cost of 6% of the
working hours of the robot per year (roughly 2.5 hours of maintenance work per week) 

Table 15.3 The value of the robot to the user for different labor savings

H(hrs/yr) k H/h V($) k H/h V($) k H/h V($) k H/h V($)

500 1 5 16,726 1.5 5 34,908 2 5 53,089 3 5 89,451

500 1 10 2,181 1.5 10 20,363 2 10 38,544 3 10 74,906

500 1 20 −26,908 1.5 20 −8,727 2 20 9,454 3 20 45,816

500 1 40 −85,088 1.5 40 −66,907 2 40 −48,725 3 40 −12,363

1,000 1 5 47,998 1.5 5 84,361 2 5 120,723 3 5 193,448

1,000 1 10 33,453 1.5 10 69,816 2 10 106,178 3 10 178,903

1,000 1 20 4,363 1.5 20 40,726 2 20 77,088 3 20 149,813

1,000 1 40 −53,816 1.5 40 −17,454 2 40 18,908 3 40 91,633

1,500 1 5 79,270 1.5 5 133,814 2 5 188,357 3 5 297,445

1,500 1 10 64,725 1.5 10 119,269 2 10 173,812 3 10 282,900

1,500 1 20 35,635 1.5 20 90,179 2 20 144,722 3 20 253,810

1,500 1 40 −22,544 1.5 40 31,999 2 40 86,542 3 40 195,630

The simplified model developed here is most sensitive with respect to the assumed labor cost of $25 per
hour and also in some cases to the assumed transfer cost of $1000 per site. Both parameters can be easily
assessed in any real life situation.

The breakeven value of the robot for a labor cost  different from $25 per hour can be obtained by
substituting k in Table 15.3 by k′, which may be calculated from

The value of the robot for the change in the transfer cost from Ct=$1000 to  will be changed by adding to
the value from Table 15.3

Example

Find the value of the robot for .
With , the value of the robot using

Table 15.3 will be: 
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As an example for the application of this simplified analysis we will examine the feasibility of the exterior
painting robot as presented in Section 14.6. We will base the analysis on the productivity data presented in
this section with reference to a typical building of 8 stories with a floor area of 1000 m2 each, and the total area
to be painted of 3200 m2–40% of the floor area. It is assumed that the buildings to be painted have a suitable
exterior surface with a reasonable flatness and openings which will allow the robot to move over, or around
them with minimum amount of direct manual assistance. An estimate of 10–12 such buildings per year
seems to be realistic and perhaps even optimistic. A smaller number of taller buildings would be preferable.
The feasibility of exterior finishing robots will be examined with reference to a “gondola” based manual
spraying. In light of the data presented in Chapter 14 we will base our analysis on painting three layers with
an effective output of 100 m2/h in a layer, which, with possible loss of time for installation and repairs time,
will require 100 hours of work per the selected “model” building. We will also assume a “reasonable”
saving of 2–3 workers when compared to manual painting. The investment in such robot (as reported by
developers) may vary between $70,000 and $100,000.

Assuming 1000 work hours in 10 buildings per year—the breakeven value of the robot will be $106,000
to $180,000, which is higher than the reported investment. If the labor cost is lower—say $15 per hour—
then the robot may be feasible, but only if it is more extensively employed. If a demand of 1500 hours per
year can be secured—in 15 buildings per year (which is very high in light of the special requirements from
such buildings)—the value of the robot will range between $60,000 and $120,000. The complexity of some
types of such robots may entail higher transfer costs. A transfer cost of $2000 per site will reduce the value
of the robot by $29,000 in the first case and by $43,000 in the second.

It may be concluded that, at the labor cost of $25 per hour, the robot will be economically feasible if a
reasonable demand for its services can be secured. Its feasibility is not certain at a lower labor cost.

15.6
Intangible benefits of robotization

The analysis in the former section focused on the economic implication of the direct productivity gains.
Other additional gains which were mentioned by all prospective users (see 15.1) include improvements in
safety, working conditions and quality. We will limit our discussion to gains that have a distinctive
economic bearing on the costs of work, although they are more difficult to quantify than the productivity
gains. Careful identification of these gains in each application and even an approximate quantification of
their impact will help in the realistic assessment of its overall feasibility.

Cost of construction hazards

Construction is one of the most hazardous industries (the others are mining and agriculture) in terms of
accidents per worker and their impact. Various statistics (Refs. [11, 24, 35]) reveal that, compared with the
industrial average, it has several times as many fatalities and injuries per worker.

The major causes of incidents, according to Hintze in the US [12] and Nishikagi in Japan [22], are falls
from scaffolds and roofs, being hit by objects, and being caught against or between building elements or
equipment. 

Accidents entail direct and indirect costs. The direct costs are directly associated with the worker’s
disability, his medical care, rehabilitation, and the loss—temporary or permanent—of his earning capacity.
Although these costs are covered by the insurance compensation, the premium depends very much on the
worker’s trade. The insurance in more dangerous trades—roofers, structural steel workers, rodmen—may
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amount to 30% of the wages, several times higher than in safer trades. The insurance premium for painting,
carpentry, welding and several other works may amount to 10–20% of the wages.

The insurance premium is also affected by the contractor’s safety record in the past, reflected in his
“experience modification rating” (EMR). His rating in this respect may increase or reduce his payment by
as much as 50% of the average.

The indirect costs of an accident when it occurs include the interruption of directly related and other
work, attention given to the affected worker, the need to replace him, supervisor and office time, clean up,
repairs, damage to equipment, etc. These indirect accident costs are borne solely by the contractor and are
estimated in Refs. [11, 35] as twice or more of the direct accident costs.

Consequently, replacement of human labor by robots—especially in the more dangerous tasks—may
substantially reduce the very significant costs of safety. Special attention must be given in this respect,
however, to the safety of labor employed with, or in close proximity, to robots as explained in Ref. [29].

Loss of productivity under harsh climates

Most construction work is carried out outdoors, and its productivity is therefore very much affected by the
prevailing weather conditions.

Various studies indicate productivity dependence on the ambient temperature and relative humidity. Two
studies—one involving bricklayers by Grimm [7] and the other involving electricians by Paules [25],
indicate a significant drop of productivity under cold or hot weather conditions. For temperatures under 0°C
(32°F) or above 35°C (95°F), the productivity declined by 20–40% with respect to productivity under
normal temperatures of 15–25°C (59–77°F). For temperatures below −25°C (−13°F) or above 45°C (113°F)
work had to be stopped altogether. The temperature effects are amplified by high humidity or windy
conditions.

Meteorological data show that in many areas of the world almost one-third of the time the labor
productivity is considerably affected by excessively high or low temperatures, as explained above.

An additional important economic aspect of harsh weather conditions is the effect on the building
schedule. The schedule may be affected either directly by work stoppage due to very cold weather,
precipitation or strong winds, or indirectly by lower productivity of critical building trades.

The main implications of the extended construction duration are two:

1 Idleness of indirect and fixed contractor’s resources, such as managerial and clerical personnel,
facilities, and the site equipment, whose purpose is to administer, monitor, and assist the direct labor
engaged in construction. 

2 Loss to owner due to extended construction time. The loss can be expressed in two ways: either as the
foregone revenue from the operation of completed building during the extension period, or as the
interest which could be received elsewhere from the resources invested in building during the
extension period.

The economic aspects of these implications have been examined in Chapter 10. Their combined cost may
amount to about 1% of the total project cost per month of extended duration.

In view of these considerations, it is clear that employment of robots for performance of human tasks (at
least in the building shell assembling operations) under harsh weather conditions may have a very positive
influence on the productivity in construction.
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Effects of overtime work

Evidence [34] shows that extended periods of overtime work adversely affect productivity and may also
contribute to an increased rate of accidents. The cost of overtime to the contractor increases because of
reduced labor productivity and because of a higher rate paid for overtime work. These two effects and their
combined influence on the average cost of labor are illustrated in Table 15.4 for an overtime pay rate
amounting to 150% of the regular 40 hr/week rate.

It is evident from Table 15.4 that overtime work, especially over extended periods of time, may lower
productivity and increase effective labor costs in some cases by 50% and more. According to Ref. [34],
about 20% of all construction projects in the United States apply overtime on a regular basis, most of them
to shorten construction time or to make up for slippages of schedule. It is to be expected that employment of
robots, whose productivity is not affected by overtime or shift work, may yield considerable economic gains
under such circumstances.

Table 15.4 Effect of overtime on labor cost

Hours per week Overtime work (weeks) Actual productive hours Production efficiency
(%)

Effective cost per houra
(% of regular rate)

40 0 40 100 100

0–2 46.3 93 119

2–4 45.0 90 122

50 4–6 43.5 87 126

6–8 40.0 80 137

8 and up 37.5 75 147

0–2 54.0 90 130

2–4 51.6 86 136

60 4–6 48.0 80 146

6–8 42.6 71 164

8 and up 39.6 66 177

Average cost per hour assuming overtime pay rate of 150% of regular rate in construction.
Source: Reference [34]. 

Other effects

In addition to the various factors discussed above, there are many others that increase the cost of work by
their adverse, direct or indirect, effect on performance of human tasks in construction.

The ability to perform physical work is markedly reduced at high altitudes, especially if the work is done
by workers not accustomed to this type of environment. It is estimated in Ref. [33] that the productivity of
work performed at elevations of 3000 m may be reduced by 20–30%. Employment of robots immune to
these effects may bring considerable economic savings.

There is not, as yet, quantitative data about the effect on labor productivity of other environmental factors
associated with construction work. It is suspected, however (as explained in Ref. [43]), that noise,
vibrations, poor illumination, and inconvenient work posture may have both short- and long-term effects on
workers’ health and performance. Another source of potential health hazards to workers (according to Ref.
[4]) is their exposure to various chemical elements in construction materials. Thus, exposure to cement,
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concrete admixtures, form oils, mineral and glass wool insulation, asphalt, caulking and sealant materials,
adhesives, paints, plasters, and drywall materials may cause skin, respiratory tract, lung, and eye irritations
and thus have both immediate effects on labor productivity and also long-term effects on their health.

It was noted before that as yet there is no sufficient information to assess, in economic terms, the effect of
these factors on the long-term labor performance or the incidence of possible health damages. It is quite
certain, however, that replacement of humans by robots in tasks with a high exposure to these physical and
chemical hazards will have long-range positive economic consequences.

Benefits of quality

The improvement in product quality is cited, almost by all industrial users, as one of the most important
benefits of robotization. Although the benefit is difficult to quantify, the general opinion of experts and
robot users in manufacturing, as reflected in a Delphi study described in Ref. [32], tends to assess the value
of a higher quality of product in a robotized process as at least 50% of value of its productivity gains.

The quality aspects of those limited applications, which were described in Chapter 14, are less conclusive,
although almost in all cases there is some improvement on similar work done by humans. There is every
reason, however, to believe that with an improvement of the sensory and control performance of the robotic
systems, the work quality benefits in building could be at least the same, if not higher (considering the
larger improvement potential) than in manufacturing.

The benefits of better quality robotized building work would be direct and indirect. The direct gains
would be realized by savings in materials due to higher accuracy of robotic performance. Such savings are
most promising in various coating, covering, and concreting operations, and they can amount there to 5–
10% of the used materials. 

The indirect benefits are derived from an overall better quality of the pertinent work items—longer useful
life, less repair work, and higher satisfaction of users. These benefits were already examined in Chapter 10.

Shortage of labor

Another very important consideration is the decline in and aging of the local labor force in most developed
countries, due to the reluctance of young people to engage in unpleasant, unchallenging, and often
dangerous, construction work. Bringing in labor from outside the locality proves to yield very undesirable
social results. The only remedy to this problem is to reduce the extent of human labor involved in
construction, first by industrialization and then by automation.

15.7
General assessment of main robot types

Following the methods of economic assessment presented in the former sections we will offer some general
comments on the feasibility of employment of the main generic robot types in conjunction with
industrialized-automated building systems and other applications.
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Assembling robots

Automated assembling of prefabricated elements—of wall, floor and facade, beam or column—is an
essential part of the realization of the industrialized-automated system with a minimum involvement of
human labor.

The robot used for this purpose may be obtained (as described in Section 14.3) either by adapting a large-
scale manipulator to assembling tasks or, by superimposing automated control on a regular crane (or other
assembling equipment), onsite. The usual work cycle of such a robot/crane system will consist of picking
the load at its origin, moving it to its designated location, placing it at destination, and moving back to the
origin to begin a new cycle. The complete automation of this task requires, as explained in Chapter 14, a
jointed large-scale manipulator which can save the work of 2–3 workers and considerably improve the
safety of the construction work. Its work will be particularly useful when using prefabricated elements of
wall and floor—or steel beams and columns.

A jointed, large-scale manipulator with a reach of 20–30 m (and a payload of 30–50 kN) can be used in
buildings of up to 4 or 5 floors. A manipulator with a reach of 15 m may suffice for most 1 and 2 story
buildings. The value of such manipulator used for 1500hours per year, assuming an interest rate of 7%, an
economic life of 7 years (no salvage value) and a labor cost of $25/h is $400,000–$600,000 in excess of the
value of a non-automated crane of the same capacity. The main intangible benefits of this robotic system is
the safety of replaced workers and a conceivable shortening of construction time in critical assembling
tasks. 

A smaller step in this direction is a partial automation of a regular crane whose operation is not limited by
the building height. Attachment of sensors to the “joints” of the crane allows full or partial preprogramming
of its movement —in terms of the series of sequential destinations to be reached by the crane. A study,
described in Ref. [27], shows that the use of such automated crane may save at least 6–10% of the cycle
time and the associated labor. Merely the productivity gains due to such time saving (the robot can replace
2–3 workers) justify many times over the small investment involved in this type of automation. The study
also claims that the smooth operation of the crane due to preprogramming will reduce the maintenance
expenses and prolong the economic life of the crane.

The interior finishing robots

The general purpose of an interior finishing robot in conjunction with the industrialized-automated system
is to perform all the necessary finishing works that cannot be included in the prefabricated elements. The
economic analysis performed in section 15.5 involved all major groups of such activities (the slightly
different group of robots for board placing, which fits well into this scheme of prefabricated construction,
shows similar results with respect to their economic feasibility). It was shown that assuming a wage rate
prevalent in developed countries the employment of these robots may be justified, given proper work
organization, just by their productivity gains. The benefits of safety, improved work conditions and quality
may be considered as distinctive, albeit not readily quantifiable, additional gains of an economic nature. The
same gains can also be realized in conjunction with a non-prefabricated building system.

Most of the interior finishing activities can be performed by one multipurpose robot. The main advantage
of such robot is that it allows a very high utilization rate and thereby lowers the employment costs.

The mode of employment of an interior finishing robot has significant economic implications. A high
extent of man-machine cooperation—direct guidance and division of tasks—will probably be most
advantageous economically in terms of simplicity, reliability and integration into existing construction
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methods. On the other hand, the benefits of safety, improved working conditions and better work quality
will be smaller in this mode of employment.

Exterior finishing robots

The functions of an exterior finishing robot in an industrialized-automated system with a prefabricated
exterior finish may include jointing, cleaning and inspection. The productivity gains in this type of
operation were not investigated although the intangible benefits of safety, improved work conditions and
possibly the quality of work—in the rough conditions at high elevations of the building exterior—are
obvious.

The approximate analysis in Section 15.5 shows that the use of the robot in conventional wall painting
can be justified by direct labor saving under favorable demand conditions. However, this robot is more
sensitive than any other to the nature of buildings in which it is employed. Due to considerable installation
complexity it will not be feasible in small buildings or in buildings whose exterior shape and fenestration
requires high involvement of manual labor. One must also take into account the reported operational
problems (noted in Section 14.7) caused by the complexity of the system and its operation.

Conditions of insufficient demand for use in appropriate buildings has a bearing not only on the direct
cost of robotized work, but also creates a problem in the employment of operators who, due to the
considerable complexity of the system, need a high level of expertise and therefore cannot be employed in
“any” type of work when the robot is idle.

These problems require a considerable involvement of management both in the initial feasibility
examination and later in a rational planning of implementation.

Horizontal finishing robots

Horizontal finishing robots may be used in the industrialized-automated system for finish works on concrete
topping of prefabricated floor elements. They can be used on any type of concrete floor either for troweling
or for application of some finish surface—an application which has so far been investigated only at the
conceptual level.

The maximum output of the horizontal finishing robot (see Chapter 14.5) is about 300–700 m2 of floor
area per hour. Although the manufacturers claim a saving of 2–3 workers when compared with manual
method, the robotization should be perhaps examined in light of its closest non-robotized alternative, the
“ride-on” manual troweler with three rotors, which has almost the same output (based on information
supplied by their manufacturers). The cost of automated adaptation of the troweler has to be justified by
saving of productivity or a better quality due to such automation. It is conceivable that preprogrammed
troweling will cover the floor, especially a large floor, in a more efficient manner than the ride-on troweler,
saving some time and probably also attaining a better surface control, but no information is available to this
effect. The small extra cost of automation—internal sensors and on-board computer—will be justified
therefore by any of these gains.

Several questions however must be asked when examining the feasibility of employment of a robotized
troweler in the type of buildings examined here.

The completion of a floor of a typical building (1000 m2 of floor area per story, in a building of 8 stories)
will take about 2 hours and that of the whole building about 16 hours. The finishing of concrete usually
must be performed a short time—several hours—after pouring concrete, so every floor must be troweled
separately. This means that in order to provide the robot with 500 hours of work per year in a building of
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this floor area it must be moved every day to another site. Alternatively a floor should be cast every day, which
is possible in projects consisting of several buildings but very difficult. Even if such frequency of casting
can be assured the robot will be employed effectively only 2 hours per day on a floor of this size. If the
operator does not have alternative employment for the remaining hours any productivity saving due to robot
use will be eliminated. The small portable troweler described in Section 14.5 may be better suited for this
purpose. Its output is smaller. It may be quickly dismantled and easily transferable to another building or
another site at small transfer costs.

A comprehensive study of the economics of automated concreting and troweling (Ref. [18]) indicates a
breakeven point for robot employment at larger areas than those indicated here.

15.8
Summary and conclusions

Although from the purely technological viewpoint almost all building construction work could be
substantially automated and despite extensive development effort, the use of robots in building practice is
still very limited. The main reasons as indicated by the potential users involve the robotic systems which
have been developed, the building technology, the economic feasibility and the managerial support. Robots
must be better adapted to their tasks in terms of their mode of employment, accessibility, weight and
materials supply. The building technology must be adapted to robotized constraints, integrating most of the
ill structured works in prefabricated assemblies and simplifying the remaining finish works— interior and
exterior—onsite.

The economic feasibility depends on the cost of the robotized work, on the productivity gains to be
attained and on the extent of the robot implementation. Additional benefits—improved safety, better
working conditions, better quality of work and faster construction pace—should be also identified and
evaluated.

Managerial strategic commitment and active involvement in work planning are essential prerequisites to
success.

Examination of the feasibility of the main generic robot types in conjunction with prefabricated
assemblies for floor and wall elements indicates the highest potential in automation of assembling
equipment and in use of robots for interior finishing works. Exterior finishing robots can be easily justified
in terms of higher safety and improved working conditions for labor, when used in buildings with
appropriate exterior in terms of its shape and fenestration. The horizontal finishing robots can be justified
when fast finishing of large surfaces is needed, but even under such conditions their efficiency must be
examined with respect to mechanical non-automated devices of similar capacity.

Assignments

15.1 Review the main construction works included in the conventional building process of residential
housing in your country. Which of them could be robotized? What adaptations should be introduced
into their execution to make these works more ‘robot friendly’?

15.2 What type of buildings (e.g., industrial, educational, offices) do you find the most suitable for robot’s
employment? Explain.

15.3 A building has 6 stories with a floor area of 1200m2 per story and 1400m2 of partitions area per story.
Only 60% of the partition area can be accessed by the robot. Examine the feasibility conditions for
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using the robot for painting of partitions with an approximate assessment method, using productivity
data in Section 15.5.
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Chapter 16
New Trends and Developments

16.1
Introduction

It has been the basic tenet of this book that a substantial improvement of the productivity and quality in
building can be obtained only by (1) removing most of the building tasks from the site to an industrial and
automated plant and (2) simplifying, mechanizing, and automating the remaining works onsite. The
underlying assumption has been that the controlled environment and the specialized production resources in
an industrial plant can assure a much more efficient and precise execution of building works than the
changing and rugged conditions on the building site allow. Moreover, reducing the extent of the dirty and
strenuous works onsite—by including them in prefabricated elements or assigning them to automated
devices onsite, will improve the working conditions on the building site, and make the construction work
more attractive and challenging to young people.

Successful industrialization of the building process is dependent on rationalization of design, of
execution, and of management of the building works. These issues, with respect to prefabrication of
building elements, were discussed in the first two parts of the book. Rationalization of design within the
general context of elements’ selection, dimensioning, and performance in various types of buildings was
examined in Chapters 2–4. Rationalization of their production within the context of production technology,
production process and resources, and plant organization was explored in Chapters 5 and 6. Rationalization
of the managerial process—production planning, budgeting, and quality control—was discussed in
Chapters 7–9. The economic implications of the various decisions in selection of production methods and in
long-range planning were examined in Chapters 10 and 11.

The final part of this book (Chapters 12–15) dealt with the application of automation to the industrialized
building process—to production of elements in a prefabrication plant and to their erection and finishing
onsite. 

This last chapter examines the future prospects of industrialization and automation in building. It also
explores the possible impact of information technologies on the advancement of the building process.

These developments are examined in the general context of future trends emerging now in the building
industry. They are reviewed in Refs. [4, 10, 11, 13, 21, 32, 37, 39]. The trends which have an immediate
impact on the industrialization of the building process are:

• The rapid development of information technologies.
• The drive for development of new materials and technologies in building.
• Customizing of client requirements, i.e. diversification of demand.



• Growing attention to quality and esthetics.
• Shortage of skilled labor in construction—especially in developed countries.

All these are conducive to the development of industrialization and automation in building.
In the following sections, the future development of prefabrication, of automation, and of the

implementation of advanced information technologies in building will be examined. Subsequently, the
prospects of an automated building realization process will also be explored.

16.2
Future trends in prefabrication

Despite the obvious benefits of prefabrication, as examined from different angles in this book, their
acceptance over the last three decades, with few exceptions, has been less rapid than expected. The main
problem in this respect is the ability of industrialized building to compete successfully with conventional
building methods in terms of cost, image, response to the market, and support of architects.

Possible remedies, as stated repeatedly in this book, are higher flexibility in the response to clients’
requests, better adaptation of design to the constraints of prefabrication, further technological development
of building elements, and a suitable marketing strategy. These issues will now be discussed.

The coordination of production with design

The success of industrialized building depends to a large extent on the familiarity of architects with the special
features of industrialization and their willingness to observe some basic rules which are essential for its
rational utilization.

Conventional building methods use small elements (blocks, bricks, tiles) which can be easily adapted to
any dimension and give the architect complete freedom in designing the building. With industrialized
methods, the architect must observe certain constraints particular to each system. If he knows these and is
willing to observe them, then the design solution can be immediately implemented by the precaster. If he
does not, which is often the case, a precaster will be forced to spend additional time and resources designing
and adapting molds, and this will put him at a disadvantage when competing with conventional methods. 

The communication problems between the designer and the precaster have been discussed in Chapter 3.
The remedies which were suggested are:

1 Design done by ‘in-house architects’ well acquainted with the system. This solution can always be
applied by a developer who has a special arrangement with the prefabrication plant or by a precaster
with a very good marketing system.

2 General observance of ‘prefabrication-friendly’ modular coordination rules —both in design and in
production—as explained in Chapter 3. These rules, although elaborated a long time ago and included
in many national and international standards, have not been universally accepted.

3 Development of standard dimensions for prefabricated building elements, which an architect can
incorporate into any design. The best example in this respect are the hollow core prestressed slabs,
which can be used in many types of design, due to their modular width and large support span. Similar
standard dimensions can be accepted for other elements, for example exterior walls, partitions, stairs,
foundations. Such an approach, although convenient to designers, may require costly adaptations of
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production resources in existing plants and should therefore be accepted through common agreement
between different prefabricating companies.

4 Computer software which can adapt an architect’s preliminary design to the constraints of each
candidate prefabrication system. Such software is described in Ref. [23]. If the software available for
prefabrication systems is accessible to architects, the design will not put prefabrication at a
disadvantage with respect to conventional construction.

It seems that the combination of the last two approaches—standardization of as many prefabricated
elements as possible, and employing computer methods for adaptation to prefabricated design—will
contribute most effectively to the acceptance of prefabricated elements in design.

Flexibility of design

One of the more important limitations of industrialized design is its rigidity with respect to possible changes
in the building which may be called for during the building’s life cycle. Such rigidity is manifest when the
interior partitioning elements are chosen as supports, and the outline of the prefabricated elements is
determined in light of these supports. Subsequently, these space partitioning elements cannot be moved
without significant changes for provision of alternative supports to upper floor slabs.

It is therefore extremely important to place the supports at locations that will suit not only the initial
layout solution but also all envisioned future changes. This may be attained either by choosing the elements
of a ‘permanent’ function, such as exterior walls or stair cores, as support, or leaving the interior space between
them open for erection of ‘detachable’ partitions. Another solution suitable for large enclosed areas may
consist in locating symmetrically spaced columns at distances which match the different possible modules of
space partition. 

This approach will possibly result in a demand for prestressed modular slabs which can be used with
large spans of 6–12 meters. This in turn requires particular attention to joints between these slabs—leaving
them visible and shaped esthetically (uniform camber and clean edges) or covering them with a suspended
ceiling.

Adaptation to small orders

One of the major problems of prefabricated construction has been its difficulty to compete with
conventional construction for small orders, adapted to the particular needs of an individual user, in
residential or in commercial building. A small order for prefabricated elements means that the cost of design
and adaptation of molds for the particular order, which is largely independent of the order size, will be
distributed over a small production volume. It will therefore make the production cost per element more
expensive, with less chance for offering a competitive price to a client.

The remedies suggested in the previous section—an extensive use of standard elements in conjunction
with effective CAD/CAM systems (presented in Chapter 12)—will reduce the expense of design and
production adaptation of small customized orders to the extent that the competitiveness of a prefabrication
solution will not be hampered.

Technological developments

Further technological development is needed in the following areas:
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• Increasing the share of prefabricated elements in building. Today the share does not exceed 40–50% of
the buildings work and in many types of buildings it amounts to even less.

• More finishing works—mainly the covering of floors, walls, and ceilings, plumbing, fenestration,
electrical wiring, and fixtures—should be “packaged” into prefabricated assemblies. More extensive
prefabrication would also involve substructure work, such as foundations, shelters, and basements.

• Jointing and connecting operations onsite are complicated and work intensive. They have to be
simplified, with respect to their geometry and sealing, so that elements can be erected and jointed quickly
and accurately. A connection is needed with which an element can be secured in its place and jointed to a
building without manual assistance.

• Handling (double or triple) heavy elements in prefabricated construction places it at a disadvantage with
respect to conventional construction. The handling expense can be reduced by producing lighter elements
—from lightweight concrete (1500 kg/m3) for slabs and bearing walls, from cellular concrete (600 kg/
m3) for nonload-bearing walls, and from high strength concrete (80–100 MPa) for linear structural
elements. Use of fiber reinforced concrete especially for nonload-bearing elements (partitions, facades)
may save reinforcing steel and simplify the production process. 

• Effort should be directed towards acceleration of concrete curing to allow for transportation and
assembly of elements onsite 1–2 days after casting. This would enable application of the “just in time”
approach—direct transportation of the demolded element to the building site and its assembly. It will
save storage time, storage facilities, and handling of elements to and from storage.

Marketing effort

Marketing effort should be directed towards making industrialized building more attractive than
conventional building to developers, contractors, and users.

The first and paramount marketing task is to convince prospective clients that prefabricated building can
and should be superior to conventional building in terms of quality, esthetics, speed of construction, and cost.
In this respect three different markets should be distinguished and appropriate strategies should be exploited
for each:

1 A mass market of typical buildings: low-cost housing, schools, warehouses, where a company can
effectively market specific designs carefully adapted to its production systems and be price attractive
when assured a large volume of demand. Careful economic design, appropriately chosen production
resources, and a high rate of utilization can reduce the cost to below that of conventional
construction.

2 Quality market of public and private buildings where the esthetic element is dominant. This has to do
in particular with exterior walls—in terms of their shape and finish. Companies which specialize in this
market have a vast advantage over conventional construction in terms of the special shapes, choice of
materials, and precision which they can offer.

3 Customized market of houses and buildings which are designed according to the particular needs of a
client. This demand should be handled by automated CAD/CAM systems of the type described in
Chapter 12.
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16.3
The prospects of automation in building

Automation in building involves both the production in the prefabrication plant and the work on the
building site. It requires, in both cases, an extensive mechanization of the work, or the works, to be
automated. A desired outcome of a comprehensive automation process will be a system, referred to here as
industrialized-automated. It will include the following features:

• A comprehensive prefabrication of the major building components—floor slabs, structural supports, and
exterior envelope—with integration of the maximum amount of finish works into these components; an
extensive mechanization and automation of the prefabrication process; 

• Extensive mechanization and automation of the remaining building works onsite;
and, ultimately,

• Integration of design, production, and construction onsite—with the aid of advanced information
technologies.

Automation in a prefabrication plant

Robots and other automated devices, described in Chapter 12, are used in a growing number of
prefabrication plants.

In general, it may be expected that in fairly standardized production—such as hollow core slabs, T-
beams, or large repetitive orders—automation may be considered as a direct extension of mechanization, but
with added benefits of labor saving and precision. A further advantage of automation, as already noted, is the
ability to adapt to small production orders, where it saves on design and mold transformation cost.

The feasibility of the additional investment in automation is to be evaluated in light of these benefits, and
of the total production volume.

Robotization onsite

Automation of building work onsite poses a more difficult problem. Despite the growing interest in
robotization over the last decade, and growing expectations from its benefits in various sectors of building
activity [5, 6, 19, 20] its application on the building site is still in a preliminary stage. A survey conducted in
Ref. [36] revealed that only a small number of the robots conceived or developed in various places have
actually been implemented in practice for commercial exploitation. The main difficulty is that while robots
in a manufacturing plant are operating at well-structured static workstations, on the building site they must
operate at changing locations, which are ill structured in terms of their accessibility, maneuverability, and
materials supply. Moreover, many building activities which are potential candidates for automation, are
today still performed manually and are not even mechanized, so that automation must be introduced not on
the basis of existing mechanized activity, but together with it.

In Chapter 14, four main generic types of building robots were identified — the assembling robots,
interior finishers, horizontal floor finishers, and vertical exterior finishers; their feasibility of employment
on a building site was examined in Chapter 15. We will summarize briefly the potential of their
employment in conjunction with industrialization of building in the industrialized-automated building
system.

The assembling of prefabricated elements can be made more economic by introducing automated control
to an existing crane. Further gains can be obtained by introducing a rigid arm with a gripper, in place of a
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suspended hook, as a terminal link of an assembly crane and introducing self-connecting devices to the
prefabricated elements. These improvements will shorten the assembling cycle and also reduce, or even
obviate, the human involvement in direct assembling work.

The exterior finishing robot can be used for filling the joints between assembled elements, cleaning the
elements after assembly, and periodical inspection for possible cracks, blemishes, and other finishing
problems. It can be used for painting or finishing work which, for whatever reason, has not been done
inplant. A difficulty in using this robot may arise around openings and different features protruding from the
wall. Further development is needed to facilitate the work around such areas.

The horizontal floor finishing robot may be used for smoothing concrete topping on hollow core modular
floor slabs and possibly for certain floor covering activities. In technological terms it is well adapted to
automation because it only requires superposition of an automated control on and the addition of sensors to
the existing mechanized equipment of concrete floor levellers. The main problem, as demonstrated in
Chapter 15, is its economic justification. Because of its fast operating speed it requires large building sites
and a very high annual volume of work, to be economically viable. One may conceive a smaller and slower
version of the robot than those developed to date; this may be more attractive in buildings, even at a lower
capacity because of its reduced initial cost.

It is the fourth type of robot—the interior finisher—where both the machine and its automated features
have to be developed in the light of special task requirements. The tasks that a robot of such configuration
can perform include painting, fireproofing, partition building, jointing, attachment of fixtures, and tiling of
floor and walls. Its work can complement the shell of prefabricated elements well—by adding partitions and
undertaking various finishing works. The use of these robots has to overcome two obstacles: the automated
features cannot be superimposed on mechanized equipment, because no such equipment exists, and most of
the interior finishing tasks are complicated in terms of effector manipulation and materials feeding. For
these reasons they require, more than other types of robots, continuous guidance by a human operator, or
employment in well-structured standard building systems as explained below. On the other hand the interior
finishers can be adapted to multipurpose employment and it is therefore easier to employ them at their full
capacity.

Two possibilities for the development of interior finishers can therefore be envisioned. One involves
multipurpose robots with a high degree of automation and autonomy; an example of which is the TAMIR
robot explored in Chapter 14. The other, which seems more feasible at present, involves simple single
purpose devices which will work in tandem with a human worker and perform the difficult or dirty parts of
the job. An example is the board placing robot shown in Chapter 14.

The prerequisites of successful employment

The success of implementing the existing and new robot types in building tasks depends on the basic
features of the robot, the building in which it is employed, the economic conditions, and the managerial
support it may receive. These requirements will now be discussed.

The features of the robot

The robot has to be “site-friendly”, i.e. well adapted to the particular conditions of the building site. This
has to do with:
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• A careful selection of the work to be robotized with due attention to the direct and indirect benefits of
robotization.

• The man-robot cooperation planning—the division of tasks between them and the level of autonomy of
the robot in the performance of its tasks.

• The robot’s performance as a system: all aspects of operation, movement, materials supply, and transfer,
and their adaptation to the particular conditions of a building site, must be taken into account in the
development. Perhaps the most important aspect in this respect is the materials supply, especially if the
robot is employed in the installation of bulky elements— blocks, boards, etc.

• Its weight; it should not exceed the permitted live load (if employed in the building) so as not to increase
the cost of the building.

• Its maneuverability, i.e. its access to work locations in restricted spaces; inability to perform all the work
in a restricted space will require human labor instead. Dividing the tasks between robot and worker is
possible and even desirable if it is done in the light of their capacity, as explained below, but not so if it
is forced by space limitations.

• Its versatility, i.e. the ability to perform different tasks and so increase the scope of utilization.
• Its independence with respect to power and materials supply; this is again important if the robot has to be

employed in restricted spaces.
• Its sturdiness, i.e. the ability to operate in the rough conditions of the building site with minimum

maintenance needs.

Robots developed with due attention to these requirements will have a much better chance of competing
with human labor.

The building design

The building should be made as “robot-friendly” as possible, with due regard, of course, to its basic
functions. This has mainly to do with the following:

• The robot can be used efficiently in large unobstructed spaces, in both the interior and the exterior of the
building. Since the availability of such buildings may not suffice for full employment of the robot, an
effort must be made to technologically adapt buildings with smaller interior spaces to the constraints of
the robot. The best solution in this respect is to design buildings initially with open interior space which,
after the interior robotized work is completed, will be divided into the required secondary spaces by
finished light partitions, and inserted into place by a robot or by human labor. Appropriate details must
be included in the design to provide for such a work cycle.

• The building layout must allow for the entry of the robot into the various spaces in which it will be
employed. This requires openings of an adequate width and access to every floor level, so that the robot
can be lifted into place and can move into the interior.

• As far as the exterior of the building is concerned, large and unobstructed areas should preferably be
provided for the robot if for some reason the finishing works cannot be prefabricated. Appropriate standard
details for openings must be developed in view of the constraints of the exterior finishing robots. Such
details, if widely applied, will promise sufficient volume of work for exterior finishers well adapted to
these standard details.
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• Due attention must be given to selection or development of an appropriate building technology which
will simplify ill-structured (for the robot) building tasks. The examples in this field include single layered
coating, “dry” partition building, self-levelling screed, easy jointing between partition and wall elements.

The economy

Robots should be developed with due attention to the “value added” by their use.
The best chances for economic application exist in countries which suffer from a severe scarcity of local

labor, and as a matter of national policy will not import foreign labor. Sooner or later, in such countries the
market will drive the cost of labor to such levels that the employment of robots will be feasible and even
essential.

Four basic economic factors determine the feasibility of robot employment:

1 The cost of the robot’s work: its capital cost, operation, and maintenance.
2 The amount of manual labor it saves.
3 The extent of utilization (number of work hours per year).
4 The indirect benefits in safety and quality.

Considering these factors, the following “niches” of robot use should be exploited:

• System building for a particular type of construction, well adapted and designed with due attention to the
specific requirements of the robots— preferably multipurpose robots—(as explained above).

• High precision tasks such as coating of built surfaces: painting, fireproofing, or plastering. The precision
of the robot’s work can provide the necessary layer of cover at a lesser input of material; a distinctive
advantage in view of the fact that material constitutes a major part of the cost of work in this type of
construction task. The economic aspects of quality were examined in Chapter 10. 

• Sophisticated tasks involved with intelligent application of sensors, and interpretation of results such as
nondestructive quality control tasks, which can be done by robots with visual or physical devices in a
much more objective and reliable manner. For example, mapping of reinforcement in existing structures,
and identification of faulty tiles on a wall, of corrosion on reinforcement, or of blemishes on
prefabricated cladding, can be done by a robot faster and in a more reliable manner than by humans.

• Particularly hazardous or dirty works: the fireproof coating of steel, the painting of a building’s exterior,
the assembling of steel structural elements, or underground work.

• Employment of small and agile robots in restricted spaces working together with human operators:
robots doing the harder manual tasks, such as lifting of heavy objects, or reaching to floor and ceilings,
and humans doing the more elaborate finishing touch. This can succeed if due attention is given to the
configuration of the robot (as explained above) and to the various logistic problems involved with supply
and handling of bulky building elements in restricted spaces.

Managerial support

It is, however, inconceivable that robotized construction can succeed without very active and
knowledgeable managerial support. Managerial involvement is essential in:

• The choice of appropriate projects for robot application.
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• Long-range planning for continuous supply of economically feasible building sites.
• Careful planning of the site for robotized construction in terms of materials supply, unobstructed robot

movement, and robot transfers.
• Enforcement of proper procedures for robot operation and maintenance. Here proper education towards

robotics in the curricula of engineering schools is essential to the success of this task.

Future prospects

With due attention to the technological, design, economic, and managerial aspects outlined above, robots in
building construction have a viable and promising future.

Although from a purely technological viewpoint all the robotized tasks can be done autonomously by the
robots, in practical terms, as explained in Chapter 14, a certain amount of human involvement will still be
needed, for initiating, guiding, and monitoring of robotized work on an actual building site. The more
structured the work becomes, for example in the case of robotized erection of standard, repetitive types of
building, the less human involvement will be required. However, as it seems now, a completely autonomous
robotized construction, although technologically possible will never be feasible on a regular building site. It
is therefore necessary to seek an optimal division of work between the human worker and the robot.

Finally, two obvious trends are leading towards the increasing attractiveness of robotized work in
building.

One has to do with the increasing shortage of construction labor in developed countries. This will
inevitably result either in increasing labor wages, or in the importation of foreign labor—at a considerable
social cost.

The other is the decreasing cost of robotized systems. The cost of robots has declined by more than 30%
over the last decade [39], and this trend will evidently continue.

16.4
The supporting information technologies

In the earlier chapters of this book we have referred to automation as the capacity of a machine to
autonomously perform a series of activities: in production, planning, or design. The autonomy of the
automated system depends on the information technology employed for this purpose.

Automation can be applied at different levels. At the lower level the activities could be computer
controlled by a series of preprogrammed instructions, devised by the user for each particular application. At
a higher level the system could use artificial intelligence to exercise a certain decision-making capacity:
select or modify its course of action in the light of the changing conditions which it could encounter.

For example, an automated machine for the arrangement of brick facing, described in Chapter 12, could
receive preprogrammed instructions for the bricks’ placing pattern for each separate element. At a higher
level the machine could have the capacity to determine autonomously the arrangement of the bricks on the
basis of the geometry of the element as fed to it. A robot onsite could be programmed to perform a
particular painting activity by receiving information about its location, the wall to be painted, and the
painting pattern, i.e. the direction and width of the painting strips. At a higher level the robot could
autonomously identify and measure with an appropriate sensor the wall to be painted, and determine its
painting program on the basis of these measurements, using artificial intelligence.
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A similar argument can be made for automation of design or planning. At a lower level, automation (or
computerization) can assist in drafting of shapes or patterns adapted to a preestablished design. At a higher
level the design itself can be generated by a computer using artificial intelligence.

Decisions are made by automated systems with knowledge—formal knowledge, based on accepted rules,
laws, codes, etc., and informal knowledge based on the experience of experts. The specific computer tools of
artificial intelligence for a particular type of decision-making based on such types of knowledge are known
as knowledge based expert systems.

This section will very briefly describe the main features of knowledge based systems for generating
information in various areas of the building realization process. This information may serve various
participants of the building process, or drive the automated systems employed in production or construction
processes. An extensive description of artificial intelligence premises is given in Refs. [22, 38] and of
knowledge based systems in Refs. [9, 14].

Knowledge based expert system

A knowledge based expert system (KBES) is a computer program which can incorporate in its problem-
solving routine factual information, normative procedures, and heuristic rules obtained from experts. A
KBES consists of a knowledge base, an inference mechanism (inference engine), which applies the
knowledge in an orderly fashion for the solution of a particular problem, and a user interface, which allows
the interaction of the system with the user, during the solution of his problem.

The knowledge base of the system includes the contextual data about the particular problem to be solved,
and the domain related procedures for the processing of this data for the solution of the problem. It may also
include general, domain-related data, to be used for the solution.

Our concern in this context is the problems involved in the design, planning, construction or operation of
buildings and other systems related to them.

An example of a very simple problem of this kind is the design of a concrete footing for a building column.
The goal of the KBES in this case will be the design of the footing, i.e. the determination of all its features
which are necessary for construction. The system under consideration includes in this case the column to be
supported, the footing to be designed, and the soil on which the footing is to be placed. The contextual data
involves the attributes of the particular system under consideration—the attributes of the column, the soil,
and the footing to be designed. The main attributes of the column are its section, location, and the load it
transfers. The attributes of the soil are its permitted design stress, slope, and possible constraints it may
impose on the design. The attributes of the footing (to be determined) are its material, geometry, location,
depth, and reinforcement. Other possible attributes may include its cost, specification for construction, etc.

The KBES will include the procedures for evaluation of each attribute of the footing. These procedures
constitute the general domain-related knowledge required for the solution. Other general domain-oriented
information may include data about different types of soil that may be encountered or different types of
concrete that may be used.

Different types of “expert system tools” are available on the market. These tools enable the user to
construct his own expert system for any particular problem. Expert system tools contain a structure for both
the contextual information about the problem—a design or activity plan—and the procedures necessary to
obtain the attributes of the solution. They also contain an “inference engine”, i.e. a mechanism which can
apply the procedures in a desired order.

The information about a particular problem under consideration can be conveniently structured in an
object-oriented representation. The objects are collections of data about the various elements of the system
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to be designed or planned, such as columns, footings, slabs, etc. Each object has associated attributes, for
example location, geometry, costs, acquisition dates, etc. Information about a particular problem can be
represented by collections of pertinent objects, the attributes of these objects, and the relations between
them. If, for example, the KBES is used for elevator repair diagnostics then the relevant objects include the
types of elevators in use and their parts, which can possibly malfunction. The attributes of these objects will
be related to the diagnostics of the possible malfunctions, and possibly to their repair.

Objects may be associated with each other in various ways.
A possible association of objects is through their hierarchical classification. A class of objects with

certain common attributes can be divided into subclasses, with each subclass inheriting the attributes of its
parent class, and adding some distinctive attributes of its own. For example, a class of prefabricated slabs is
a subclass of prefabricated elements and has, as subclasses, a hollow core slab and a solid slab, as shown in
Fig. 16.1(a) (this relation is often referred to as an “is a” relation: a prefabricated slab “is a” prefabricated
element). The general attributes of the parent class, the slab, in this case, type of material, configuration,
vertical support, etc., are “inherited” by each subclass. In this manner, a problem may be generalized—
being represented by a higher class of objects, or specialized—being represented by an appropriate
subclass.

An object may be an aggregation of other objects. A typical prefabricated concrete slab will contain
concrete, reinforcement, and possibly other fixtures (this relation between the main object and its elements
is referred to as an “has a” relation: a slab “has a” concrete, “has a” reinforcement).

Other types of associations between objects may be “is made of”, “is supported on”, “belongs to”, etc.
Any particular object in a class is called an instance of the class. An instance will have specific values

attached to the attributes and the values will be attained by application of the procedures prescribed for each
value. For example, a particular floor slab element S17 (which is an instance of solid slab) may have as its
attributes (properties) location, concrete type, etc. It may be associated with other objects: “be shipped
with” shipment, “be cast” on a mold, “have” reinforcement, etc. Different aspects of object-oriented
modeling are explained in Refs. [17, 25], and other sources.

The values of the attributes of the objects, for a particular instance, are obtained by application of
procedures. These procedures can be:

• A formula—for example the weight of a precast element can be calculated from its geometric
dimensions and the density of concrete it is cast with by using a formula which calculates the volume of
concrete in the element, and hence its weight.

• A reference to a database—for example the cost of concrete may be obtained by an appropriate reference
to a database which includes the costs of all building materials.

• The use of an algorithm—for example in production scheduling allocation of an element to a particular
mold can be done with an algorithm like that presented in Section 7.7. 

• A direct query of the user, who is asked to input the requested information —for example the required
delivery time of a building element to site.

• An inheritance, a subclass “inherits” some attribute values of its “parent” class. An object which is part of
another object may inherit from the aggregate some attribute values. For example, a column on a
particular floor can inherit its height and type of concrete from the total group of columns on this floor. 

• An application of a rule. Rules in a KBES are usually of the form IF <condition>, THEN <action>. For
example: IF <element is prestressed>, THEN <concrete is of B40 strength>.
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The procedures for the evaluation of each attribute can be associated with each object class (as class
“methods”) or they can be, in more complex cases, contained in separate “knowledge modules”. For
example, the structural design of a particular slab, which involves calculation of several interrelated
attributes, and its relationship with other slabs or columns, may be contained in a “slab design module”.

An instance of a precast slab element class, with some of its properties, is shown, in Fig. 16.1(b).

Figure 16.1 An example of an object-oriented representation: (a) classification; (b) an instance of a class
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16.5
Computer-integrated construction

We will now extend the concept of a KBES into a computer-integrated construction environment which
handles all the information related to the design, construction, and operation of a building project. The
information may be generated and used by the different parties to the construction process (or “agents” for
the construction project)—the owner, the designers, the contractors, the suppliers of materials and services,
and even machines which produce the various building elements, or assemble them onsite. Each one of
these parties is interested in his own “aspect” of the project and the related information.

An example of such an integrated environment—a comprehensive system for automated building
realization—will be explored in the next section.

The kernel of the computer-integrated environment is a building project data model—an object-oriented
representation of all the pertinent features of a building and its elements. The representation may serve the
design of the building (and its various aspects) or the design of the building and its construction, or the
entire life cycle of the building: the design, the construction, the operation, and the demolition. The term
project model is used here to emphasize also the construction aspects of the representation, such as
activities, resources, etc. The term product model is mostly used when the model serves only the design
aspects.

The project model can be served, for generation of the attributes of its objects, by procedures and
databases, as explained below.

The project model

As mentioned earlier, a project model of a building is an object-oriented structure of the information needed
by all or some of the parties involved in its realization or operation. The different objects are usually
arranged in hierarchical fashion with links of the type “is a”, “is part of”, etc. between the different levels. They
can also have other links such as “is done by”, “is supported by”, etc.

Various product models for buildings have been suggested in Refs. [7, 8, 15, 26, 29], and other sources. A
standard convention for transfer of object-represented product information has been adopted in Ref. [16]. 

The model of multistory building projects, described in Refs. [29] and [36] and shown schematically in
Fig. 16.2, uses three types of object hierarchies, each with several aggregation levels: for representation of
spaces, for representation of work assemblies in these spaces, and for their installation. The three levels of
space are the whole building, primary spaces, such as building floors or other building parts, and secondary
spaces, such as rooms or other distinctive parts of a primary space. The building and each of its spaces
performs its functions through functional systems. Examples of such systems are exterior enclosure, vertical
space dividers, horizontal space dividers (intermediate floors, roof), lighting, plumbing, finishes, HVAC,
etc. Functional systems can carry out their function through alternative work assemblies. For example, a
functional system of exterior walls with specific requirements of strength, acoustic and thermal insulation
can exercise its function through prefabricated elements of different compositions, through masonry walls,
through lightweight walls, etc. Work assemblies are installed (or constructed) by works and activities
performed by various trades, which consume resources for their execution. 

Each of the objects in these hierarchies has attributes which define it in terms of physical aspects,
performance, or installation method. The values of these attributes are added to the model at each stage of
its development, with the aid of the knowledge base procedures. A building floor slab can be transformed in
one design stage into a set of composing prefabricated elements (defined only by their outline and nature)
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by application of the appropriate procedure, and in the next design stage into detailed design information for
each of these elements.

Additional aspects of the project, such as information about the different agents involved in its realization,
documents needed in the realization process etc., can also be generated by a project model.

The model-related procedures

A project model is used for the efficient storage of project-related information during the project’s design
and construction process. The information is accessible to all interested parties. Special procedures must be
introduced for generating, changing, and updating information in the project.

Information must be updated as the design progresses or when changes are introduced during the design
or construction stages. The information generated in the design and construction planning by any
construction “agent” affects many other parties. For example, a change in an architectural detail may affect
the structural dimensions, which in turn may affect the layout of mechanical systems. A change in the
schedule of the project will affect the materials procurement plans. Procedures must be devised therefore
for orderly generation of information. The procedures will define the agents who are allowed to generate

Figure 16.2 A schematic representation of the project model of a building (Source: Ref. [30]) 
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new information or introduce changes, alert all other agents who may be affected by these changes, update
all related aspects of planning and design, and disseminate the required information to its prospective users.

In more advanced applications, as explained in Section 16.5, a procedural knowledge may be needed in a
knowledge based system for an automated transformation of the project model from one operational stage to
the next one (e.g. from a general design to a detailed design). More specifically, the knowledge is used for
evaluation of the attributes of the objects as they become relevant through the realization stages.

The data

The general, domain-oriented data used by the planners, designers, and other project agents, or by
automated knowledge procedures involves prices, space requirements, environmental factors, standards,
typical details, productivity rates of various trades and their resources requirements inplant and onsite, work
assemblies and their details, typical layouts, etc. The data is of a general nature, i.e. it can be used for
different projects realized in a particular domain. It is stored in general databases accessible by the system. 

A particular feature of the databases in Ref. [30] is the “intelligent parametric template”, which include a
parametric representation of the various objects, spaces, and work assemblies. The variable parameters in
the template are calculated by appropriate “intelligent” knowledge procedures in light of the particular
conditions of a project. For example, a parametric representation of a modular floor slab element may
include variables of length, depth, and reinforcement, which will be calculated in view of the span, load, and
location of the slab in the building.

Practical aspects of implementation

The essential elements of computer-integrated construction are a project model, procedures for its use,
databases, and a computer interface for communication between users who may employ different types of
software. The communication involves the access of users to the model and to databases for information
generation, updating, or retrieval.

An information system for computer-integrated construction can be closed, i.e. centered around a
common product model for storage and handling of the project-related information, a common software for
information generation and transfer, and a common structure of general databases. Such a solution can be
employed by any large company or group of companies. The system will be closed to external users unless
they join the common information environment, i.e. they use the particular software and product model of
the system.

A more comprehensive solution to this problem will be to establish an open information system (as
defined in Ref. [27]): open in the sense that it can accommodate different users and databases, each with its
own particular organization, software, and procedures.

The common elements of such a system are a common project model, common general databases, and
common data transfer standards for the industry. A schematic representation is shown in Fig. 16.3. The
various users of the system can retrieve or input information pertaining to any particular project, utilize
common databases and knowledge modules, and transfer information between themselves using a common
data exchange interface. A very common exchange standard is STEP [16]. An example of an open system
which has been developed for the Finnish building industry is RATAS [27]. RATAS employs its own
product model, TAT (which has been discussed in Chapter 3), and a data exchange system, BEC.
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16.6
The automated building realization system

One can envisage, as the ultimate achievement of employing the various industrialization and automation
technologies presented in previous chapters, an autonomous building realization system with minimum human
involvement. The system will receive data about what the owner requires from a building, as an input, and
will generate information for all its stages of realization—design, elements production, construction, and
possibly operation and maintenance. 

The realization process can use the knowledge-based environment described in Section 16.5 and apply
the appropriate procedures for generating the necessary information.

The system can assist an architect with conceptual design, adapt this design to any (or to the most
suitable) prefabrication method, generate the detailed design of prefabrication and finishing onsite, monitor
the production of elements and their assembling and finishing onsite, and communicate the necessary
information to all involved parties.

More specifically, the system can support the stages of the realization process, as depicted in Fig. 16.4.
At each stage new attributes of objects become relevant and are evaluated. For example, the specific shape
of a floor slab element becomes relevant at the detailed design stage, and the resources necessary for its
assembling become relevant at the construction planning stage.

For this purpose the system can use knowledge procedures for the evaluation of attributes—as was
reviewed earlier in the context of a knowledge based expert system.

The procedures can be arranged in knowledge modules (e.g. space allocation, structural analysis,
mechanical systems) serving the different transformation stages or different technological disciplines. Each
knowledge module contains procedures for evaluation of attributes necessary for a particular group of
objects and their state in a particular realization stage.

For example, a knowledge module for generating a preliminary structural design will indicate the location
(on an architectural layout) of the major structural elements—walls, beams, columns, slabs, etc. A
knowledge module for detailed design will generate detailed information about shape, reinforcement,
specifications, etc. which are necessary for the design. A knowledge module for construction planning in a

Figure 16.3 Schematic representation of a computer integrated construction environment
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building, will produce a schedule of construction activities and a budget of resources necessary to execute
them. A representation of a knowledge base for such a system is shown in Fig. 16.5.

We will focus here only on the aspects of the system which are directly involved with prefabrication and
the assembling of prefabricated elements onsite. Construction and other associated activities can be handled
in a similar manner, but are not discussed here explicitly. The realization stages reviewed here are therefore
as follows:

1 Conceptual design whose output is a general representation of the building in terms of its brief,
location onsite, floor layouts, and elevations.

2 General design. Adaptation of a design to a particular prefabrication system—the elements to be
prefabricated, the elements to be constructed onsite, and the other systems (mechanical, electrical,
etc.)—to be installed.

3 Detailed design. Its output is the detailed production or construction drawings of the building
elements to be produced or constructed onsite.

4 Production planning of elements to be prefabricated. The output of this stage is the timing of the
production of each element, the mold it is produced on, and the resources required for its production.

5 Planning of erection and finishing onsite. The output of this stage is the schedule of the activities
needed for construction and the resources required for this purpose.

6 Production of elements in the plant. The output of this activity is the information necessary for the
physical activation of the production facilities.

7 Erection and finishing onsite. The output of this activity is the information necessary for activation of
robotized construction onsite. 

Certain aspects of this process have already been discussed in Chapter 12 in the context of the automated
prefabrication plant.

Figure 16.4 A flowchart representation of an automated building realization system (Source: Ref. [29])
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We will now review these stages, limiting ourselves to the prefabricated part of the building. The concept
can be further extended to all building activities.

The conceptual design

The building realization process starts with the definition of user (owner, developer) requirements and the
output of the conceptual design is a general description of the building to be constructed, in terms of its
elevations and layout.

The requirements of the user can be defined in a detailed brief which specifies the various functions the
building has to perform and the space requirements and facilities needed for this purpose. They can also be
defined in more general terms, such as the number of dwellings (for residential buildings), area of office
space (for office buildings), number of hotel rooms (for hotel buildings), etc. In this latter case the brief will
be generated as a part of the conceptual design.

The brief can be generated automatically by an appropriate knowledge module, and with the aid of a
database of functions and spaces. The conceptual design module will also generate the preliminary scheme
of the building—its footprint and elevation. 

The general design

The generation of a general design of floor layouts, and subsequently of elevations, can be produced in an
interactive process using computer aided design on one of two possible autonomy levels:

Figure 16.5 A knowledge base for a computer integrated system (Source: Ref. [30])
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1 In an interactive (man-computer) design process with an extensive use of:

• Standards and norms pertaining to the particular types of spaces used.
• Library elements—basic layouts (as shown in Section 3.7) of building functions: bedrooms, kitchens,

offices, stored in the database of the graphical package used. Graphical manipulation of these objects
can greatly facilitate the design work.

• Design testing programs, which test the conformance of the design to physical performance
specifications (as explained in Chapter 4) for the particular type of building.

2 By using a KBES for design. This can be done following:

• A quantitative approach, using rules and algorithms for generating floor layouts from basic layouts
for various functions—offices, services, bedrooms, etc.

• A case-based approach using existing layouts for different functions with the possibility of adaptation
of their dimensions to the particular case under consideration.

In both cases a knowledge module for layout design will utilize normative and heuristic rules and apply
them to a library of graphical details and layouts stored in a database.

Though a complete automation of the general design cannot be envisaged at present, the inclusion of
more and more features of the second approach in the first will certainly reduce human involvement and
possibly enhance the quality of design.

A preliminary cost estimate may also be prepared automatically at this stage based on the basic design
parameters—floor area, type of elements to be prefabricated, and some additional features such as spans,
loads, and special types of finish.

Adaptation to a prefabrication system

The general design is subsequently transformed into an erection drawing, which shows the partitioning of
the building—its floors, envelope, stairs, interior walls, etc., into elements to be prefabricated. The elements
are delineated based on the general layout (obtained in the previous stage) and the location of supports—
vertical and horizontal.

The knowledge based system employed for this purpose will employ rules which consider both the
features of the layout and the constraints of the prefabrication method employed. Different rules will
therefore be applied for different prefabrication methods.

A KBES for general and detailed design of prefabricated room-size floor and wall elements is described
in Ref. [23]. The system functions in the following stages with respect to any given floor layout (as shown
in Fig. 16.6):

1 The support lines for the floor slab elements are identified. They can be either determined in the
previous stage or selected automatically from “candidate” walls and partitions according to
knowledge rules. The rules take into account the special features of the layout (perimeter, core, etc.),
the available walls and partitions, and the maximum and preferred spans of the elements to be
supported. The rules define sets of preferred parallel longitudinal supports and choose the optimal
one.

400 INDUSTRIALIZED AND AUTOMATED BUILDING SYSTEMS



2 The location of the supports and the perimeter dimensions is adapted to a modular grid, with a desired
“design module” see Chapter 3.

3 The building is now divided into a series of strips bound by adjacent wall supports and the exterior
walls of the building. The strips are “sliced” into individual elements in accordance with the nature of
elements produced. In the case of room-size elements their boundaries will coincide with available
partitions.

4 The perimeter envelope on each floor is divided into wall panels. This is done in light of the location
of perpendicular partitions, the openings, and the preferred sizes of exterior wall elements.

Detailed design

The detailed design concerns the elements to be prefabricated and installed— their outline was generated at
the previous stage.

The input into this stage includes the type of element, its nominal (or modular) exterior dimensions, the
location and dimensions of openings, and the type and location of the fixtures. The location of the element
in the building, which determines its edge conditions, is also specified.

The output of the detailed design includes all information required for the different production and
construction activities. Specifically it includes the following information:

• The geometry of the element and the location of the fixtures to be inserted, as necessary for the forming
process. The detailed geometry of the element with regard to its nominal size is determined from
standard details of the edges for different boundary conditions.

• The type, size, shape, and location of reinforcement. The quantity of reinforcement in the element is
determined by using appropriate formulas and considering its load, thickness, and span. The dimensions
of the reinforcement are generated from the dimensions of the element.

• Composition of materials for the element (concrete and facing), as necessary  for mixing and spreading
on a mold. This is determined by defining standard mixes of concrete and standard types of facing and their
composition.

In advanced production systems, the detailed design is performed today automatically, as was shown in
Chapter 12.

At this stage a final budget of resources and costs can be generated based on the detailed quantities of
concrete, reinforcement, fixtures, facing, etc.

Production planning and production in a prefabrication plant

This subject has been discussed in Chapter 12, in the context of prefabrication in an automated plant.

Construction planning and construction onsite

One can envisage further application of the comprehensive automation process and the assembly and
finishing of elements onsite as explained earlier in this chapter:

1 Assembling of prefabricated elements onsite by an exterior handling robot.
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2 Casting of concrete topping onsite (if needed) by an automated concrete pump. Levelling and

Figure 16.6 An adaptation of design to prefabrication (Source: Ref. [23]) 
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smoothing of concrete by a horizontal floor finishing robot.
3 Erection of partitions, finishing (coating, painting) of walls, finishing of ceilings, tiling of floor,

placement of fixtures, by the interior finishing robot.
4 Filling of exterior joints, cleaning and finishing of exterior walls by the exterior wall finisher.

The planning of robotized work is done at two levels. At the higher level it includes the location of
workstations and the pattern of work to be performed from each station. At a lower level it involves the
programming of the robot’s movements with the appropriate robot language, as explained in Chapter 13.
Planning of robotized construction work is presented in Ref. [40].

Generation of managerial information in plant and onsite

Two types of managerial information can be generated with the production activities in prefabrication plant
and on the constructionsite. One has to do with management control, and the other with the administration of
orders.

Managerial control This involves the timing, cost, and quality of production/ construction. It compares
the measured data about the actual performance in each of these aspects with the required performance
indicated in the initial plans: the schedule, the budget, and the specifications. It may also indicate
corrective action, if required. The data about production/construction timing can be captured directly from
automated devices. Data about resources use and quality obtained may be relayed by sensory devices.

Administration Orders and projects require a continuous exchange of information between the various
parties to the construction process. Most of this information includes:

• Material suppliers—orders, payments.
• Labor—payments.
• Subcontractors—orders, payments.
• Clients—reports, billings, receipts, changes.

Since most of this information is related to physical consumption of inputs and physical production of
outputs it can be generated automatically, in view of the contractual agreements with the owner and the
suppliers.

16.7
Summary and conclusions

The basic tenet of this book is that a significant improvement of the productivity and quality of building
works can be obtained only through a more intensive industrialization and automation of the building
process.

Industrialization can be advanced by better communication between precasters and designers of buildings,
by sophisticated use of information and materials technologies, and by improved marketing strategies.

The benefits of automation are increased productivity of production and a higher quality of products. It is
particularly helpful in the case of small customized orders.

Ultimately, one can envisage integrated systems with a high extent of automation. An integrated system
may receive as an input owner requirements, and assist the architect in the development of a conceptual
design. Subsequently, it will adapt the design to a particular prefabrication method and generate detailed
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design of the elements to be prefabricated. The elements will be produced in automated prefabrication plant
and later assembled and complemented with finishing works, using construction robots.

Assignments

16.1 In light of the market conditions and the demand for different types of buildings in your region,
discuss the prospects of industrialization and automation in building.

16.2 Review a commercially available expert system building tool by examining the user’s manual. An
expert system building tool is a program shell which can be used for defining problems and solving
them. 

16.3 Propose an idea for an expert system for solving any type of prefabrication scheduling problem.
16.4 Discuss the advantages and limitations of a comprehensive building realization system described in

Section 16.5. For what types of buildings can such a system feasibly be used at the present state of
technology?
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Kajima robots (Japan) 373, 389, 390, 394
Kawasaki robot (Japan) 341
Kinematics of robots 346
Kitchens, space requirements 79
Knowledge-based expert systems 202, 437–40

and computer-integrated construction 440
use in design 447, 448

Knowledge modules 444, 447
Koerkstol 2000 system 323, 325

Labor
availability 297–8
direct labor 219–20

indirect labor 222
productivity
climatic effects 417–18
overtime effects 418, 418

shortage 420
specialization of 8, 183–4, 214

Labor costs
control of 228–30
estimating 219–20, 222, 236
saving in 269, 280, 281, 333, 412, 413, 414–15

Labor requirements, for various building systems 280,
281, 284, 285

Large building components, handling by robots 371, 405
Large-Scale Manipulators 368, 371, 372

see also Assembling robots
Larsen-Nielsen LN-Nybo system (Denmark) 58, 60–1
Lascelles, W.H. 4
Laser sensors 357
Lateral stability requirements 19
Layout design of prefabrication plant 169–72

examples 174, 175–8
general patterns 172–4

Learning effects 185, 190
Liebherr concrete mixing center 150
Life-cycle cost concept 108, 266, 274
Life expectancy, materials 109–10
Lifting capacity

of cranes 27, 136, 162
of robots 342, 376, 378, 381, 385

Light-emitting diodes 355, 356, 359
Lightweight aggregates 118, 119, 122
Lightweight box elements 42, 44
Lightweight concrete 119, 122, 429
Lightweight partitions 32, 35, 429

acoustic insulation properties 104
Limit amplitude-frequency graphs 96, 97
Limitations of industrialized building 12–13, 275–9
Limit deflection values 96
Limit switch 352
Linear systems 19–25, 51

connections 24–5, 25, 26
elements 23–4
erection of 137
transportation of 136

examples 21, 22
general principles 19–21

Lissmac robots 376, 381
Live loads 89–90
Living rooms, space requirements 78
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Load-handling robots 376–7
Load transfer requirements 19
Location of plant

decision parameters 300, 305, 315
decision procedure 300–1, 315
example 301–3

factors affecting 297–9
mathematical model/calculations for 303–4

Long casting beds 158
Long-range planning 293–315
Long series production runs 189–92
Luxor, Temple of Amon 3

Maintenance costs
for buildings 274
for molds and plant 221, 233, 309, 310
for robots 409, 411–12

Maintenance-free specifications 108
Management information 205, 208–9, 450–1
Managerial involvement

in automated systems 450–1
in quality control 243
in robotization 407–8, 423, 435, 450–1

Manipulators (in robots) 338–43, 362
configurations of arm 338–9, 339, 340
control of 346, 347
performance 342–3

Man-machine team work 377–8, 402, 433
Manufacturing industry, compared with construction

industry 9
Marginal cost 276
Marketing considerations 430
Marne la Vallé housing project (Paris, France) 5
Masonry walls

automated building of 329–30, 332
economic feasibility 420
labor saving due to 412, 413
robots for 381

Mass production 7 
Materials

availability of 297
cost components in various building systems 282
cost control of 230–3
cost estimating for 218–19, 236
for precast concrete technology 117–21
preparation and storage of 150–5
quality control of 248–9, 258
storage costs for 151–2
supply for robots 403, 433

transportation of 298, 311
see also Admixtures;
Aggregates;
Cement;
Steel reinforcements

Mathematical modeling
plant location 303–4, 311–14
in production planning and control 198–200, 215

Mean value 245
Mechanical damage, resistance to 108
Membrane plate systems, applicability range 34
Microsilica 120
Mighty Shackle Ace 372
Mineral wool, thermal conductivity 100
Misawa system (Japan) 44, 124, 328, 331
Mobile cranes 164, 165
‘Mobile’ homes 42
Mobile robots 359–61
Modular coordination rules 61, 63–9, 428

basic module 63
contribution to standardization 69, 82
control lines/dimensions/planes 64, 65
erection tolerances 67, 68
location of components on modular grid 63–5
nonmodular zones 64–5
objectives 61
preferred multimodules 63, 65
production dimensions 65, 67
standards covering 63, 69, 84
vertical dimensions 67, 69, 70

Modular grid 63–5
Modular hollow core slabs 28, 30–1, 31
Moisture content

air indoors 106, 107
see also Water content

Mold growth 86
prevention of 107

Molds
adaptation of 184–5, 220, 221, 233, 236
cost of 220–2, 233, 236
drawings for 205, 206
flexible molds 47
hauling concrete to 155–7
lining to give textured face 133
maintenance of 221, 233
movable 158, 159–61, 215
preparation of 127, 131, 132, 181, 323
shaping by robot 328, 329
stationary 158, 159, 161, 215
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table molds 47, 48, 127, 128, 157–8
tunnel molds 46, 47, 134–5
utilization of 125, 181, 214
vertical (wall) 47, 48

Money receipts 267
Movable molds 158, 159–61, 215
Multimodular design units 63, 65
Multipurpose interior finishing robots 381–8, 432

Nachi robot 342
National prefabrication industry, planning of 304–14, 315
Noise level design criteria 89, 102
Noise transmission through floors 86

test method for measuring 103
Non-economic measurement of benefits 267
Non-modular zones 64–5
Normal distribution curve 246
Numerically controlled robots 336

Object-oriented representation 437–8, 439
see also Project model

Off-line programming of robots 350, 352
Ohbayashi robots (Japan) 374, 389, 390
Onsite…see Site…
Open-closed systems 58, 74–7, 82, 279

examples 75–7
see also Closed systems

Open information system 443
Opening factor 92

effect on fire development 93
example calculation 94

Open joints 138, 139
advantages 138–9

Open loop control 318
Open systems 71–4, 82

and modular coordination rules 61
Operation Breakthrough (USA) 4, 42, 55
Operator-controlled robots 350, 368, 402
Opportunity costs 264, 289
Orders

critical 201
and information system 203
nature of
adaptation to small orders 429
impact on costs 277–8

Ordinary Portland cement 117
Organization, requirement for industrialization 8
Output capacity

calculations 148–9, 300–3

and demand 187–8, 300, 301
factors affecting 300

Overdesign
of concrete strength 125
of structural elements 249, 274

Overhead cranes 162, 163
Overhead expenses

cost components in various building systems 282
cost control of 233–4, 237
fixed expenses 233, 266
general overhead 223–4, 236
production overhead 222–3, 236
variable expenses 233, 266

Overtime, productivity affected by 418, 418

Painting robots 380, 386, 387, 391–3
labor saving due to 412, 413
PALC (Precastable Autoclaved Lightweight Concrete)
automated production of wall panels 328–9, 331
density 328

Pallets (in automated prefabrication plant) 322–3
control of circulation 327
size 323

Panel systems see Planar systems
Parma prefabrication plant 174, 177
Partek surface processing robot 330
Partial prefabrication 44–9

compared with other methods 280–2
Partition walls 32, 35

in different construction methods 280
erection by robots 386, 387, 395
production of 130–1, 157–8, 158
suitability for robotization 406
tasks in erection 366

Pattern recognition by robot 358
Pazner-Brand block system 55, 56
Peeling, of finish coats 86
Peikert system (Switzerland) 77
Performance approach 85–112
Performance characteristics, documentation for 110–11 
Performance specifications

for buildings 85, 87–9
for robots 365–8, 383
example for basic task 367

Performance standards 113–14
Permanent prefabrication plant 144, 175, 178
Person-space relationships 88
Photoelectric sensors 355, 356
Piezoelectric pressure transducers 353, 354
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Pigments 120, 133, 140
Placing and compacting of concrete 124, 325
Planar systems 26–39, 51

elements
erection of 136–7
exterior walls 33–4, 36–7
floor slabs 29–32, 33, 34
interior walls 32, 35
transportation of 136

examples 27, 28, 38–9, 40, 41, 43
general principles 27

Planning
of robot activity 349, 450
for robotization 408, 435
see also Long-range planning;
Production planning and control

Plant see Field plant;
Prefabrication plant

Plasterboard see Board-placing robots
Plastering robots 386, 387

labor savings due to 412, 413
Plasticizers 119–20, 123, 140
Playback robots 336, 349–50, 350
Plotting robot 328, 328
PMV (predicted mean vote) index 98

dissatisfied users and 98, 99
Pneumatic actuators (in robots) 340
Point-to-point mode (for robot’s effector) 346
Polish Szczecin system 58, 62
Polish W-70 system 75, 75
Portland cements 117–18, 140
Positioning deviations 67, 68
Posts-and-beams system 288

comparison with other systems 286–9
see also Beams-and-columns systems

Posts-and-slabs system 288
comparison with other systems 286–9

Potentiometric sensors 348, 354, 354
Pozzolanic cement 117, 118
PPB plotting robot (France) 328
PPC (production planning and control) unit 146, 203, 205,

208, 209, 211, 212, 213, 215, 229
see also Production planning and control

PRAB robot 341
Precast concrete, first used 4
Precast concrete technology 116–41

accelerated curing 124–6
beams and columns production 134
box-elements production 134–6

concrete mix 121–4
exterior finish 132–4
exterior-wall production 131–2
floor-slab production 126–9
interior-wall production 130–1
materials 117–21
placing and processing of concrete 124

Precaster’s design, production based on 57–60, 82
Preestimating 321
Prefabricated components/elements

assembly by robots 16
demand for 294, 295, 308
suitability for robotization 406
see also Elements

Prefabricated systems
adaptation of design to 445, 448–9, 449
comparison with conventional system 280–2, 328
partially prefabricated systems 44–9
service/utility systems in 49–51

Prefabrication
future trends 428
historical examples 2–4

Prefabrication industry
planning of 304–14, 315
survey of existing Israeli industry 310–11, 312

Prefabrication plant 143–79
automation in 317–34, 431
capacity of 148–9, 300–3, 315
concrete mixing system in 148–50, 172, 173
design of facilities 147–8
elements handling in 161–6
elements production area 157–61
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examples of layouts 174, 175–8
finishing/repair area 169
general layout patterns 172–4
hauling of concrete to molds in 155–7
layout design 169–72, 176
location 297–304, 315
movable molds system 158, 159–61
organization of 146–7
preparation and storage of other materials in 150–5
production facilities 147, 176
quality control in 242–3
stationary molds system 158, 159, 161
support facilities 147, 176
types of plant 143–6, 175

Present costs 264
Present worth calculations 264–5, 271–2, 309
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Preservation requirements 87, 240
Pressure transducers 353, 354
Prestressed slabs

automated production of 327–8
future demand for large-span slabs 429
production of 128–9, 174, 177

Prestressing beds 128–9
Prestressing steel wire 120
Price quotations 321
Producer-designer coordination 54–84
Producer-user-designer coordination 77–80
Production control see Production planning and control
Production deviations/tolerances 65, 68, 240
Production information 209–12
Production overhead expenses 222–3, 236
Production planning and control 180–216

computers used 214, 320, 322
daily routine 181–4, 214
flexibility 168
information system for 203–14
for long series 189–92
mathematical modeling in 198–200, 215
objectives/purpose 180, 196, 198, 214
principles 184–5
routine for 200–2
several types of elements on
same mold 193–5
for short series 186–9
on single mold 186–92
system approach 195–7
see also PPC unit

Production record, daily report 211–12, 212
Production schedule 211
Production and shipping control charts 213, 214
Production technology 116–41

see also Precast concrete technology 
Productivity

effect of climatic conditions 417–18
effects of overtime 418, 418
see also Savings

Profitability 227
per order 234–5, 237

Profit maximization 276
Programming of robots 349–50, 368

by off-line programming 350, 352
by playback/teach-box techniques 349–50, 351

Progressive collapse 91
Project model

in computer-integrated construction 440–2

model-related procedures 442
schematic representation of 441
see also Object-oriented representation

Proximity in plant layout design 170–2
Proximity sensors 355–7
Putzmeister concrete pump (Germany) 374

Quality
cost optimization of 241
definition 239
economic value of 241, 273–5
improvements through robotization 419, 434
of life in community 298, 315

Quality assurance 244
Quality circles 243
Quality control

of concrete production 250–1, 258
control charts 247–8, 248
of elements casting 252–3, 258
of erection process 256, 258
of finished elements 254–5, 258
management involved in 243
of materials 248–9, 258
nature of 239–44
in plant 242–3
process of 244–8
purpose 257
statistical method 245–7

Quality control personnel 243
Quality Management 256–7
Quality planning and control 239–58
Quality requirements 240–2

concrete production 249, 258
elements casting 251–2, 258
erection process 255–6, 258
finished elements 253–4, 258

Quality specifications 242, 257
Quality Systems 256

Rail-mounted concrete buckets 157
Rail-mounted cranes 162
Ramot project (Jerusalem) 5
Range sensors 355–7
Rapid hardening cements 117–18, 125
RATAS information system (Finland) 443
Reinforced concrete

advantages 4
causes of deterioration 109
reinforcements used 120–1
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Reinforcement cover 109
Reinforcement-placing robots 324–5, 325, 372–3
Reis robot 340
Remote compliance center 353, 354
Remote control of robots 350, 368, 395, 402
Reordering cycle time 152
Repair work 169
Resolvers 348
Retarders 119, 133, 140
Reverberation time 104
RIA (Robot Institute of America), definition of robot 336
Ribbed floor slabs 32, 33
Robotization

barriers to implementation 400, 401, 407
benefits 364, 399, 411
building features best suited to 433–4
cost of 408–11
development of robotic systems 401–3
economic considerations 408–16, 423, 434–5
future prospects 430–6
implementation aspects 399–423
intangible benefits 416–20, 423
managerial support for 407–8, 423, 435
planning for 408, 435, 450
strategic commitment to 407, 423
see also Building robots

Robots
accuracy/repeatability of manipulators 342, 361, 375,
385
actuators in 339–42
applications 319, 323–7, 336, 395–6
assembling robots 16, 368–74, 395, 420–1, 423, 431–
2, 450
attributes 38
choice/design for specific application 361–2, 362
control of 343–50, 361–2, 370, 375, 389
end-effectors on 343, 344, 362, 375, 389
exterior wall finishing robots 391–3, 395, 416, 421–2,
423, 432, 450
factors affecting efficiency of operation 401–3
floor finishing robots 360–1, 360, 388–91, 395, 422–
3, 432, 450
horizontal finishing robots 422–3
interior finishing robots 374–81, 395, 411–13, 421,
423, 432, 450
lifting capacity 342, 361, 376, 378, 381, 385
maneuverability/mobility 359–61, 403, 411, 433
manipulators in 338–43, 362
materials supply for 403, 433

meaning of term 16, 336
mobility of 359–61, 361, 362
mode of employment 401–2
mold-shaping robot 328, 329
multipurpose interior finishing robots 381–8
multipurpose robots 432
numbers 337
planning of activity for 349, 450
plotting robot 328
power supply for 403
prerequisites of employment 432–6
programming of 349–50, 351, 352
reasons for increasing use 337
reinforcement-placing robots 324–5, 325, 372–3, 373
reliability 403
remote control of 350, 395
required features 433
sensors for 350, 352–9, 362, 389
speed of manipulator’s tip 343, 361
surface-processing robot 328, 330
weight of 383, 403, 433
work envelope of 338–9, 342, 342, 361

Roof, water penetration through 86, 106
Room-size box elements 40, 47

production of 124, 140
Room-size floor slabs 28, 29, 30

advantages 29
limitations 29 
production of 127, 157

Room-size wall panels 32, 35
production of 127, 157
Round (reinforcing steel) bars 120

Safety
fire safety 92–5
structural safety 89–91
user health and safety 87, 95
see also Health and safety

Safety factors 89, 90
Sandwich exterior walls 34, 36

connections 36, 37
dimensions 36–7
production of 131–2, 140
special types 37

Sanitary units 42, 50, 51, 52
SAR (Stichting Architecten Research) design method 77–

80, 279
Savings

as benefits 267
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construction time 269–71
economic value of 271–3

labor costs 269, 280, 281, 333, 412, 413, 414–15
Schedule, departmental production 211
Scheduling 180
Sealants 138
Self-propelled rail-mounted buckets 157
Sensitivity analysis, in economic assessment of

robotization 412
Sensors 318, 319, 350, 352–9, 362, 389

applications 359
proximity sensors 355–7
for robots 350, 352–9, 362, 389
tactile/contact sensors 352–4, 359
vision sensors 357–9

Serviceability requirements 87, 240
Service life, effect on nature of building projects 10–11
Service/utility systems, in prefabricated buildings 49–51,

52
Setting-out deviations 67, 68
Setup costs/expenses 190, 277, 278, 410
Shelley system (USA) 42
Shimizu robots (Japan) 379, 380, 389, 390, 391, 392
Shipping information 212–13
Shipping order 212, 213
Short series production runs 186–9
Silica fume 120
Site factors, in plant-location decisions 298, 315
Site industrialized methods 47, 51
Site prefabrication plant 145–6, 174, 175, 176
Site robotization, future developments 431–2
Skeleton systems see Linear systems
Skin array sensor 353, 354
Slipforms 157
SLR 400 robot 376, 381
Slump test 122
Small orders, adaptation to 429
Social costs 305
Space and geometry 96
Space requirements 88

listed for basic home functions 78–9
Spatial units see Three-dimensional systems
Specialization of labor 8, 183–4, 214
Spraying robots 380, 386, 387, 391–3
SSR-3 robot (Japan) 380
Stack production method 127, 140
Stairs

comparison of construction methods 280
polishing by robot 328, 330

Standard deviation 67, 245–6
Standardization 7, 428

contribution of modular coordination rules to 69
disadvantages 74

Standards 19, 113–14, 137, 239, 249, 251, 253, 255, 260–
2
erection tolerances in 255
for modular coordination 69, 84
production tolerances in 253
quality control 256, 257

Star type concrete mixing centers 150
Stationary molds 158, 159, 161, 215
Statistical quality control 245–7
Steam curing of concrete 125–6
Steel beams, spraying of 380
Steel reinforcements 120
Stewart platform 372
Stockout cost 153, 154
Stockyard/storage area for elements 166–9

inspection of 255
storage capacity 167–8

Storage-dependent costs 151–4, 185
Story heights 21, 36, 40, 69
Strain gage 353, 354
Strength

cement-sand mortar 117, 118
concrete 121, 140, 249
prestressed concrete components 120, 129, 140
steel reinforcements 120
see also Compressive strength

Stress analysis 90
Structural fire endurance (SFE) 93

example calculation/discussion 94–5
listed for concrete slabs/walls 94

Structural safety 89–91
Structural serviceability, factors affecting 90, 96–7
Sunk costs 264, 289
Superplasticizers 120
Supports, in SAR method 80, 279
Surface defects in elements 253–4
Surface finishes of exterior surfaces 36, 124, 132–4
Surface-processing robots 328, 330
Swiss Peikert system 77
System approach

lacking in early buildings 7
to production planning 195–7

Szczecin system (Poland) 58, 62

Table molds method 47, 48, 127, 128, 157–8
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Tactile/contact sensors 352–4, 359
Tailor-made systems 55–7

factors affecting 57
Taisei robots (Japan) 379, 380, 391, 392
Takenaka robots (Japan) 373, 374, 389, 390
TAMIR robot (Israel) 385, 387, 432
Tangible benefits, of robotization 269, 333, 411–16
Teach box (for programming of robots) 350, 351
Team-based production method 182–3
Technical information 204, 205, 206, 207
Technological advances, historical background 1–2
Tee prestressed beams 32, 33

applicability range 34
production of 134

Temperature
concrete 123, 125–6
curing of concrete affected by 125–6
indoors 98
labor productivity affected by 417–18

Test methods
acoustic insulation properties 103
workability of concrete 122

Thermal bridges 99
avoidance of 99, 100

Thermal conductivity, values listed 100 
Thermal discomfort, Fanger scale for 98
Thermal insulation/resistance 98–9

calculation of 99–100, 101, 106, 107
range of values 99

Three-dimensional systems 39–44, 51, 288
advantages 41
building methods used 42, 44, 45
characteristics required for use 42
comparison with other building systems 286–9
dimensions 40, 51
limitations 41–2
production of box elements 134–6
see also Box systems

Tile-setting robots 386, 387
labor saving due to 412, 413

Tilting table 131–2, 132
Time saving, construction time 269–71

economic value of 271–3
Time sheet 228, 229
Tolerances 240

erection 67, 255
production 65, 253
robot repeatability 342

Top down construction method 330–3, 333

Total Quality Control/Management 243, 257
Tower cranes 162, 164, 164

with automated control 371–2
Tower type concrete mixing centers 150
Transfer costs for robotization 410–11
Transportation of elements 27, 29, 40, 136, 167, 167, 321

cost of 224, 236, 278, 311
cost components in various building systems 282
limiting distance(s) for 296, 305
and transport network 298

Transportation of raw materials 298, 311
Tread-mounted cranes 164, 165
Triangulation ranging devices 355–7
Trowelling robots 389–91
Truck-mounted mixers 155
TTC (thermal time constant)

acceptable values 101
definition 100
example calculation 101–2

Tunnel molds method 46, 47, 134–5
Turn-control Hanging Device 372
Turnkey contract 55

Ultimate limit state 89
Ultrasonic sensors 355, 356
United Kingdom, standards 19, 84, 249, 253, 255, 261
United States

concrete-based prefabricated methods, increase in use
4–5
Operation Breakthrough 4, 42, 55
Shelley system 42
standards 19, 84, 114, 244, 249, 251, 253, 255, 260–1

User-designer-producer coordination 77–80
User health and safety 87, 95
User interface 437
User needs 87–8, 240

and definition of quality 239
Utility (services) systems, in prefabricated buildings 49–

51

Variable overhead expenses 233, 266
Variable sequence robots 336
V-B test 122
Vertical dimensions 67, 69, 70
Vertical loads 90, 91
Vertical molds 47, 48, 129, 130, 130, 131, 158

with prefabricated plate elements 47, 48, 130
Vibrating of concrete 124
Vibrations, acceptability limits 96–7, 97
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Vision sensors 357–9
Visual comfort 104–5

W-70 system (Poland) 75, 75
Wall-building robots 386, 387

labor savings due to 412, 413
Wall-inspection robots 393, 394
Wall-painting robots 391–3
Wall panels

element drawings for 207
erection drawings for 204
labor requirements for
production 220

mold drawings for 206
production of 127, 130–2, 157–8, 158
see also Exterior walls;
Interior walls

Water/cement ratio 117, 123
strength of concrete affected by 121

Water content
air indoors 106, 107
of concrete 123
effect of plasticizers 120, 123

see also Moisture content
Water penetration through joints and roof 86, 105–6
Water reducers 119–20, 123
Watertightness 105–6
Weather conditions, productivity affected by 417–18
Weathering, deterioration due to 109
Weather joints

in exterior walls 36, 137–9
labor requirements 225
testing of watertightness 105

Weckenmann system 323, 324
Weighting/grading method of assessing intangible

benefits 267, 289
Wetboy robot 380
Wheel-mounted concrete carriers 155, 156
Wheel-mounted cranes 162, 163, 164, 165
Wire (reinforcing steel) fabric 120
Workability of concrete 122, 140

admixtures affecting 119–20
test methods for 122

Work assemblies 441
Work envelope of robots 338–9, 342, 342, 361
Workers

cooperation with robots 377–8, 402
health and safety
considerations 417, 419

injuries and fatalities 416
insurance premiums 417
quality control responsibilities 243

Work report form 229
Workstations in production system 159–61, 183, 215

Yugoslavian IMS system 38, 43
Yuval Gad school system 59

Zoning, in SAR method 80
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