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Preface to Second Edition

This edition is based upon a firm conviction of the authors that the purpose of, and the need for
the book, as described in the Preface to the First Edition, are as critical today as they were when
the first edition was prepared. In fact, now, there is a greater need for applications of systems
design to buildings. This need occurs because of rising construction costs, greater demand for
more and improved building services, and better quality control of construction. In brief, this
book explains what needs to be designed, and the issues to be addressed in the design process.

Revisions of the first edition have been aimed at refining the text and developing new topics
which have emerged during the past decade. Increased attention is given to the involvement of
architects in systems design, and to the inclusion of architectural goals and objectives in the value
systems for optimized design. Traditionally, architects have been the only members of the build-
ing team whose formal training has included some work in all the major areas of building design.
College courses in structures, plumbing, lighting, electrical power, mechanical systems, and
building services in general, have, in the past, been included in most architectural education
curricula. What is new is the tendency for architects to work directly and interactively with
engineers, contractors, and other specialists during design development. This is facilitated by the
use of shared computer-stored data and interactive computer-aided design processes.

While architects have traditionally been broadly educated for building design, engineers usually
have not been so rounded in their education. One of the most valuable uses for this book is as a
general education in the building design and construction process for those members of the build-
ing design team who did not experience comprehensive architectural training. This education is
hard to obtain but of increasing importance as interactive design becomes more common.

To make the book more suitable for use in self study, the bibliographies and study materials
have been arranged by chapter section, rather than by chapter, as in the first edition. Thus, study
units are smaller and easier to handle for persons with limited study time. Chapter summaries
have also been provided.

Learning any technology requires familiarity with a large new vocabulary. Many technical
terms are defined and explained in this book, but a glossary would be too large for inclusion in
the book. However this edition contains compilations, at the ends of most chapter sections, of
terms used in those sections. The use of these lists will permit readers to develop a considerable
technical vocabulary, by using the book index to find the definitions and explanations in the text.
It would be advantageous, however, for readers to obtain at least one dictionary of building
terminology.

While both authors of this edition have diverse backgrounds in education, writing, and man-
agement, our major focus in this work is on the needs of the building designer. That interest was
the principal guide in the development of the text and in the general selection and emphasis of
topics. In total, what we want to achieve are better buildings, and our major intention is to assist
those persons who work in this field to accomplish that end.

FREDERICK S. MERRITT
JAMES AMBROSE



Preface to First Edition

As a consequence of technological, economic and sociological changes throughout the civilized
world, new buildings are becoming ever more complex and costly; however, the public is de-
manding better buildings at less cost. To meet this challenge, building designers and constructors
must improve their skills and develop better building methods. This book was written to help
them.

Fundamentally, the book is a compendium of the best of the current building-engineering prac-
tices. It describes building materials, building components, types of construction, design proce-
dures and construction methods that have been recommended by experts, and it covers nearly all
disciplines. It presents the basics of building planning, structural engineering, fire safety, plumb-
ing, air conditioning, lighting, acoustics, electrical engineering, escalator and elevator installa-
tion and many other technical skills needed in building design.

But if the challenge of constructing better buildings at less cost is to be met, future designers
and builders will need more than just technical information. They will have to be more creative
and ingenious in applying this information. In addition, they will have to organize more effi-
ciently for design and construction and manage the design and construction processes in a more
expert manner. The book also is intended to help meet these goals.

For the reasons cited above, a new concept of building design and construction is needed. Such
a concept is the main theme of the book.

The concept requires that designers treat buildings as systems and apply techniques of opera-
tions research (more commonly known as systems design) to their design. Systems design em-
ploys the scientific method to obtain an optimum, or best, system and calls for an interdisciplinary
approach to design. The techniques involved have been successfully used in machine design, but
it was necessary, here, to adapt them to building design. However, the adaptation is accomplished
in a way that will enable professionals accustomed to traditional procedures to convert easily to
the new techniques and will also permit students who learn systems design from this book to fit
readily into traditional organizations, if necessary for their employment.

The interdisciplinary approach to design advocated in the book requires that design be executed
by a team, the building team. It consists of consultants specializing in various aspects of design
and construction and also should include future users of the proposed building along with expe-
rienced building operators or managers.

For the team to function effectively, i.e. for intelligent participation in decision making, each
member of the team, in addition to contributing his or her own special knowledge, skills and
experience to the team effort, should also be acquainted with the duties, responsibilities and
output of the other members of the team. In particular, the team leader should be more knowl-
edgeable on all aspects of building design and construction, to lead, guide and coordinate the
team. An important objective of this book, therefore, is to educate potential members of the
building team for the roles they will have to play and to prepare professionals for leadership of
the team.

For practical reasons, the book is restricted to presentation only of pertinent topics that the

vii



viii Preface to First Edition

author considers basic and important. The treatment should be sufficient to provide a foundation

on which the reader can build by additional reading and on-the-job experience. To assist toward

this end, each chapter in the book concludes with a list of books for supplementary reading.
The book has been designed for use in either of two ways:

1. as a textbook in an introductory course for architecture, building engineering or construction
management;

2. as a home-study book for professional building designers and builders who wish to learn
how to use systems design in their work.

The book assumes that, at the outset, the reader has a knowledge of buildings, physics and
mathematics comparable to that of a high-school graduate. Based on this assumption, the book
describes building components, explains their functions and indicates how they are assembled to
form a building. While these introductory discussions will be familiar to building professionals,
they should find the review worthwhile as an introduction to the new design concept.

In preparation of this book, the author drew information and illustrative material from sources
too numerous to list. He is indeed grateful to all who contributed and, where feasible, has given
credit elsewhere in this book.

FREDERICK S. MERRITT
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Chapter 1

New Directions in Building Design

Building construction is essential to the econ-
omy of nations. If building construction de-
clines, the economy suffers. Buildings also are
essential to the economic well-being of archi-
tects, engineers and contractors who engage in
building design and construction. If potential
clients do not wish to build, these professionals
do not work. Thus, there are both personal and
patriotic incentives for building designers and
constructors to encourage building construction.

A potential client considers many things be-
fore deciding to proceed with a building project.
But there are two conditions—cost and time—
that when violated are almost certain to preclude
construction of a project. If the proposed
building will cost too much, it will not get
built; if the proposed building will not be ready
for occupancy when the owner wants it, the
project will be canceled. Building designers and
constructors know this and try to produce
buildings that will meet the owners’ budgets
and schedules. (Sponsors of building projects
are called owners in this book.)

Despite these efforts, many buildings that are
needed do not get built because they would
cost too much. The cost of construction,
maintenance and operation exceeds what own-
ers are willing to pay. As a result, some families
that need housing have none. Some families
have to live in substandard housing because
they cannot afford decent accommodations.
Schools may be inadequate and hospitals may
be unavailable.

In addition to preventing construction of

needed buildings, high building costs have other
adverse effects. The costs of expensive build-
ings are passed along to users of the buildings
or to purchasers of products manufactured in
the buildings, and ultimately, as a consequence,
the consumer pays higher prices. Despite this
undesirable situation, building costs keep rising.

There are several reasons, beyond the control
of building designers, for the continuous in-
crease. One is inflation, a steady decrease in
the purchasing power of money. Another con-
sists of legal and social pressure for pleasant,
healthy and safe living and working conditions
in buildings. Still another is the result of tech-
nological changes that make it possible to do
things in and with buildings that could not be
done previously. Consider, for example, the
change of status over time—from luxury, to oc-
casional use, then to frequent use, and finally
necessity—of items such as indoor plumbing,
telephones, hot water, and air conditioning. All
of these changes have made buildings more
complex and more costly.

Consequently, the traditional efforts of build-
ing designers to control costs only for the pur-
pose of meeting a construction cost within the
owner’s budget are no longer adequate. De-
signers must go further and bring down costs
over the life of the building, including costs for
construction, maintenance, and operation.

There is evidence, however, that traditional
design methods have limited capability of de-
creasing costs, let alone any hope of halting
their steady increase. Designers must find new

1



2 Building Engineering and Systems Design

ways of reducing the costs of constructing and
using buildings.

One technique that shows great promise is
systems design. It has been used successfully
for other types of design, such as machine
design, and can be adapted to building design.
Systems design consists of a rational orderly
series of steps that leads to the best decision for
a given set of conditions. It is a general method
and therefore is applicable to all sizes and types
of buildings. When properly executed, systems
design enables designers to obtain a clear under-
standing of the requirements for a proposed
building and can help owners and designers
evaluate proposed designs and select the best,
or optimum, design. In addition, systems de-
sign provides a common basis of understanding
and promotes cooperation between the special-
ists in various aspects of building design.

A major purpose of this book is to show how
to apply systems design to buildings. In this
book, systems design is treated as an integration
of operations research and value analysis, or
value engineering. In the adaptation of systems
design to buildings, the author has tried to re-
tain as much of traditional design and construc-
tion procedures as possible. Departures from
the traditional methods of design, as described
in this book, should not appear radical to ex-
perienced designers, because they are likely to
have used some of the procedures before. Nev-
ertheless, the modifications, incorporated in an
orderly precise process, represent significant
improvements over traditional methods, which
rely heavily on intuitive conclusions.

Later in this chapter, the systems design ap-
proach to buildings is discussed. Also, this
chapter examines the changing role of building
designers with increasing complexity of build-
ings and indicates how they should organize for
effective execution of systems design.

1.1. CHANGE FROM MASTER BUILDERS
TO MANAGERS

The concepts of building design have changed
with time, as have the roles of building designers
and constructors along with the methods em-
ployed by them. These changes are still occur-
ring, as building design moves in new directions.

Buildings that have survived through the ages
testify to the ability of the ancients to construct
beautiful and well-built structures. What they
knew about building they learned from experi-
ence, which can be an excellent teacher.

Art and Empiricism

Until the 19th Century, buildings were simple
structures. Nearly all of them might be con-
sidered to be merely shells compartmentalized
into rooms, with decorations. Buildings primar-
ily provided shelter from the weather and pref-
erably were also required to be visually pleasing.
Exterior walls were provided with openings or
windows for light and ventilation. Candles or
oil lamps were used for artificial illumination.
Fireplaces for burning wood or coal were pro-
vided in rooms for heating. Generally, there
was no indoor plumbing. Since stairs or ramps
were the only available means of traveling from
level to level, buildings generally did not exceed
five stories in height. Floor and roof spans
were short; that is, floors and roofs had to be
supported at close intervals.

Design of such simple structures could be and
was mastered by individuals. In fact, it was not
unusual for designers also to be experts on
construction and to do the building. These
designers-builders came to be known as master
builders.

To assist them, the master builders sought
out and hired men skilled in handling wood and
laying brick and stone in mortar. These crafts-
men established the foundation on which the
later subdivision of labor into trades was based.

Building design, as practiced by master build-
ers, was principally an art. Wherever feasible,
they duplicated parts of buildings they knew
from experience would be strong enough.
When they were required to go beyond their
past experience, they used their judgment. If
the advance succeeded, they would use the
same dimensions under similar circumstances in
the future. If a part failed, they would rebuild
it with larger dimensions.

Early Specialization

By the 19th Century, however, buildings had
become more sophisticated. Soaring costs of



land in city centers brought about economic
pressure for taller buildings. Factories and pub-
lic buildings, such as railroad terminals, created
a demand for large open spaces, which required
longer floor and roof spans. More became
known about building materials, and scientific
methods could be applied in building design.
Owners then found it expedient to separate the
building process into two parts—design and
construction—each executed by a specialist.

Building design was assigned to an architect.
This professional was said to practice architec-
ture, the art and science of building design.
Construction was assigned to a contractor, who
took full charge of transforming the architect’s
ideas into the desired building. The contractor
hired craftsmen and supplied the necessary
equipment and materials for constructing the
whole building.

Basic Principles of Architecture

Basically, however, architecture has not changed
greatly from ancient times. The Roman, Vitru-
vius, about 2,000 years earlier, had indicated
that architecture was based on three factors:
“convenience, strength and beauty.” In the
17th Century the English writer, Sir Henry
Wotton, referred to these as ‘“‘commoditie,
firmeness and delight.” Thus:

1. A building must be constructed to serve a
purpose.

2. The building must be capable of withstand-
ing the elements and normal usage for a
reasonable period of time.

3. The building, inside and out, must be visu-
ally pleasing.

Advent of the Skyscraper

In the middle of the 19th Century, a technolog-
ical innovation marked the beginning of a radi-
cal change in architecture. Traveling from level
to level in buildings by means of stairs had lim-
ited building heights, despite the economic
pressures for taller buildings. Some buildings
used hoists for moving goods from level to level,
but they were not considered safe enough for
people; if the hoisting ropes were to break, the
platform carrying the people would fall to the

New Directions in Building Design 3

bottom of the hoistway. The fear of falling,
however, was largely alleviated after E. G. Otis
demonstrated in 1853 a safety brake he had in-
vented. Within three years, a building with a
passenger elevator equipped with the brake was
constructed in New York City. Considerable
improvements in elevator design followed; use
of elevators spread. Under economic pressure
to make more profitable use of central city
land, buildings became taller and taller.

At this stage, however, building heights began
to run up against structural limitations. In
most buildings, floors and roof were supported
on the walls, a type of construction known as
bearing-wall construction. With this type, the
taller a building, the thicker the walls had to
be made (see Fig. 1.1). The walls of some high-
rise buildings became so thick at the base that

Roof _[

12

16"
1

10

20"

24m

28"

Tr__—__

1

—

—

Fig. 1.1. Required thicknesses for brick bearing
walls for a 12-story building. Building Code of the
City of Chicago, 1928.



4 Building Engineering and Systems Design

architects considered it impractical to make
buildings any taller.

Then, another technological innovation eased
the structural limitation on building height and
permitted the radical change in architecture to
continue. In 1885, architect W. L. Jenney took
the first major step toward skeleton framing for
high-rise buildings. (In skeleton framing, floors
and roof are supported at relatively large inter-
vals on strong, slender vertical members, called
columns, rather than at short intervals on thick,
wide masonry piers.) In the 10-story Home
Insurance Building in Chicago, Jenney set cast
iron columns, or posts, in the load-bearing ma-
sonry piers to support wrought-iron beams that
carried the floors. (Also, in that year, another
relevant event occurred. The first structural
steel beams were rolled.) Two years later, ar-
chitects Holabird & Roche took another step
toward skeleton framing. By supporting floor-
beams on cast-iron columns along the two street
frontages of the 12-story Tacoma Building in
Chicago, the architects eliminated masonry bear-
ing walls on those two sides.

Cast-iron columns, however, have relatively
low strength. Their continued use would have
substantially limited building heights. Steel
columns proved to be a stronger, more econom-
ical alternative. In 1889, the 10-story Rand
McNally Building, designed by Burnham &
Root, was constructed in Chicago with steel
columns throughout. This set the stage for the
final step to complete skeleton framing, with
floors and roof carried on steel beams, in turn
resting on steel columns (see Fig. 1.2). Thick
walls were no longer necessary .

The full possibilities of skeleton framing was
demonstrated in 1892 when it was used for the
21-story, 273-ft-high Masonic Temple in Chi-
cago. Skeleton framing was then adopted in
New York and other cities.

Meanwhile, development of reinforced con-
crete, a competitor of structural steel began. In
1893, construction of a concrete-framed mu-
seum building at Stanford University, Palo Alto,
Calif ., demonstrated the practicability of mono-
lithic concrete construction. Ten years later,
the first skyscraper with concrete framing, the

Fig. 1.2. Structural steel skeleton framing for a multistory building.



16-story Ingalls Building in Cincinnati, was
completed.

Effects of Skyscrapers on Architecture

The trend to the skyscraper, which accelerated
in the 20th Century, had several marked effects
on architecture and its practice. For one thing,
the external appearance of buildings underwent
a radical change. Large expanses of masonry
with small openings for windows (see Fig. 1.3)
gave way to large glass windows with relatively
small amounts of wall between them (see
Fig. 1.4). Another effect was that use of skele-
ton framing developed a need for specialists
capable of designing framing for safety and
economy. Architects hired structural engineers
for this purpose or retained consulting engi-

New Directions in Building Design 5

neering firms. Still another effect was that
indoor plumbing became essential. Pipes and
fixtures had to be provided for water supply,
waste disposal and gas for heating, cooking and
illumination. In addition, central heating, with
warm air, hot water or steam distributed
throughout a building from a furnace in the
basement, became a necessity. A need for
specialists capable of designing plumbing and
heating systems and elevators developed. To
meet this need, architects hired mechanical
engineers or retained consulting engineering
firms. Thus, building engineering was incorpo-
rated in architecture.

At the same time, construction became more
complex. In addition to masons, bricklayers
and carpenters, contractors now needed to hire
ironworkers, plumbers, window installers and

Fig. 1.3. Late 19th Century building, still expressing the basic forms of load-bearing wall construction,
although its basic structure is steel framed. Auditorium Hotel, Chicago, by Adler and Sullivan. 80 years
later, the worlds tallest steel frame structure, the Sears Tower, looms over it, clearly expressing the frame

structure.



6 Building Engineering and Systems Design

Fig. 1.4. Sears Tower (1974), Chicago, rises 110
stories, 1454 ft. Steel skeleton frame with bundled
tube system for lateral load resistance.

elevator installers. Soon, companies were
formed to offer such services to contractors.
Thus, a building owner contracted construc-
tion of a building to a general contractor,
who then subcontracted specialty work to
subcontractors.

Humanization of Architecture

Advances in technology usually do not occur
without mishaps. Floors, roofs and walls some-
times collapsed because of poor materials or
workmanship, or sometimes because floor spans
or wall heights were extended beyond the capa-
bilities at the time. Also, many lives were lost

in building fires. To prevent such mishaps,
municipal authorities promulgated building
codes, which established by law minimum de-
sign standards. Such codes contained provisions
for minimum loads for structural design, mini-
mum strength for materials, minimum thickness
of walls, fire protection of structural compo-
nents and emergency exits in case of fire. In
the interests of health, regulations were incor-
porated governing plumbing installations and
ventilation.

When electricity came into widespread use in
buildings during the 20th Century, building
codes incorporated provisions governing electri-
cal installations. Specialists were needed to de-
sign such installations, so architects hired
electrical engineers or retained consulting engi-
neering firms. Similarly, general contractors
subcontracted electrical work to electrical
subcontractors.

During the 19th and 20th Centuries, industry
developed rapidly. More and more factories
were built, and more and more people were
hired for manufacturing. Concern for the health
and safety of these people led to establishment
of government Labor Departments, which es-
tablished regulations for employee conditions,
many of which affected building design.

Concern for welfare, as well as health and
safety, of people was demonstrated in the early
part of the 20th Century, when municipal
authorities promulgated zoning codes. These
were intended to limit congestion in cities and
prevent construction of buildings that would
infringe unreasonably on the rights of occupants
of neighboring buildings to light and air. Regu-
lations in these codes had decided effects on
architecture. Provisions indicated how much of
a lot a building could occupy and, to some ex-
tent, where a building could be placed on a lot.
Some codes placed specific limits on building
heights, whereas others required the face of the
building to be set back as it was made higher.
In some cases, this requirement led architects to
design buildings with facades sloping away from
the adjoining street.

In addition, zoning codes generally indicated
what type of building—residence, office build-
ing, shopping center, factory, etc.—and what
type of construction—combustible or non-



combustible—could be constructed in various
city districts.

Concern for welfare of building occupants
also was demonstrated by city Health Depart-
ment regulations for heating of buildings in cold
weather; however, by the middle of the 20th
Century, commercial establishments began
voluntarily to provide cooling in hot weather.
To attract patrons, owners of theaters and retail
stores installed cooling equipment, and so did
owners of office buildings, to provide more ef-
ficient working conditions for employees. A
convenient method of supplying the required
cooling was by air conditioning, which also
provided humidity control, and this method was
widely adopted. Its use spread to residences,
most public buildings and factories.

There was an effect on architecture but it
was not very visible. Mechanical engineers took
on the task of designing cooling installations,
incorporating it in a general category HVAC
(heating, ventilation and air conditioning).
Heating subcontractors became HVAC subcon-
tractors. Architects endeavored to make HVAC
installations inconspicuous. They placed equip-
ment in basements and other areas where it
would not be noticeable, or they disguised
equipment spaces with decorative treatment.
The designers also hid ventilation ducts, when it
was expedient, in enclosed shafts or between
floors and ceilings.

During the last half of the 20th Century, con-
cern for the effects of buildings on people be-
came deeper. More stringent regulations for
fire safety were promulgated. Other rules set
minimum illumination and maximum sound
levels in work areas. Requirements were estab-
lished that prevented construction of a building
until its full environmental impact could be
assessed. And the need for energy conservation
in building operation to conserve natural re-
sources became apparent. These requirements
placed additional constraints on building design.
Both design and construction became even
more complex.

New Twist in Construction Management

While complex buildings demanded by owners
made design more difficult than before, owners
now encountered problems even more difficult
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than in the past, from the start of a project to
its completion. Few owners were sophisticated
enough to cope successfully with these prob-
lems. Consequently, projects often were com-
pleted late and construction costs exceeded
expectations. Some owners consequently
sought new ways to control costs.

With respect to cost control, the subdivision
of the building process into design and con-
struction by separate specialists was proving to
be counterproductive. By specializingin design,
architects and their design consultants gave up
control of construction methods and equip-
ment, exerted little influence on construction
scheduling and lost intimate contact with actual
construction costs. Hence, orthodox building
designers could provide little help to owners in
controlling construction costs and time.

There was one alternative. Master builders
had not become extinct. Often, though, they
had become transformed from an individual
designer-builder to a corporation consisting of
architects, engineers and construction manage-
ment personnel. Under a turnkey contract,
such companies would design and build a project
for a stipulated sum of money. Some owners
liked this arrangement because they knew what
their maximum cost would be almost from the
start of the project. Others disliked it because
they were uncertain that they were getting the
best possible design or the lowest possible cost.

Seeking a better alternative, some owners
continued to engage architects and engineers
for design only, in the hope of getting the best
possible design for their money, but sought
different means of controlling construction
costs and time. Public agencies, for example,
awarded prime contracts to former major sub-
contractors, such as HVAC, plumbing and elec-
trical, as well as to a general contractor. This
was done in the expectation that open competi-
tive bidding on major cost items would result
in lower total cost. However, there never was
any certainty that the expectation would be
realized.

Experienced owners often found that award-
ing a construction contract to the lowest bidder
gave undesirable results—shoddy materials and
workmanship, construction delays and cost
overruns. Some owners therefore found it
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worthwhile to select a reputable contractor and
pay a fee over actual costs for construction.
Owners were uncertain, though, as to actual
costs and especially as to whether costs could
have been lowered.

To meet the challenge, a new breed of con-
tractor evolved in the second half of the 20th
Century. Called a construction manager, this
contractor usually did not do any building. In-
stead, for a fee, the manager engaged a general
contractor, supervised selection of subcontrac-
tors and controlled construction costs and time.
Engagement of a construction manager also
offered the advantage that his knowledge of
costs could be tapped by the building de-
signers during the design phase. Many large and
complex projects have been successfully built
under the control of construction managers.

Nevertheless, whether construction managers,
reputable general contractors or multiple prime
contractors are used, good construction man-
agement has demonstrated capability for keep-
ing costs within estimates; however, such man-
agement is generally restricted primarily to the
task of transforming the concepts of building
designers into a structure. With the design
function in the hands of others, constructors
are limited in opportunities for lowering con-
struction costs. If costs are to be lowered, de-
signers probably will have to show the way. For
that, they will need new methods.
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Words and Terms

Architect

Building code
Building engineering
Construction manager
Electrical engineer
HVAC

Master builder
Mechanical engineer
Structural engineer
Zoning codes

Significant Relations, Functions, and
Issues

Change in building design and construction processes over
time.

Roles of the architect, contractor, subcontractors, consult-
ing engineers, construction manager.

Effects of the emergence of building codes and zoning
codes.

1.2. BASIC TRADITIONAL
BUILDING PROCEDURE

Before any new approaches to building design
can be explored, a knowledge of current design
practices is essential. Furthermore, the systems
design method proposed in this book is a modi-
fication of current practices. Therefore, cur-
rent practices are reviewed in this section. For
this purpose, a commonly followed procedure
is described. It is called the basic traditional
building procedure. While other procedures
are often used, they can readily be adapted to
systems design in much the same way as the
basic traditional procedure.

What Designers Do

Generally, an owner starts the design process by
engaging an architect. In selecting the architect,
owners do not always act in their own best in-
terest. They should choose an architect who
has established a reputation for both good de-
sign and low construction costs. Instead, some
owners shop around for the architect with the
lowest fee. Yet, a good designer can provide a
high-quality building and, at the same time,
save the owner several times the design fee in
lower construction costs.

The architect usually selects the consulting
engineers and other consultants who will assist
in the design. A good architect selects engi-
neers who have established a reputation for
both good design and low construction costs.

Building design may be considered divided
into two steps, planning and engineering, which
necessarily overlap.

Planning consists generally of determining:

1. What internal and external spaces the

owner needs

2. The sizes of these spaces

3. Their relative location



4. Their interconnection

5. Internal and external flow, or circulation,
of people and supplies

6. Degree of internal environmental control

7. Other facilities required

8. Enhancement of appearance inside and
outside (aesthetics)

9. How to maximize beneficial environmental
impact and minimize adverse environmen-
tal impact of project.

In some cases, planning also includes locating,
or layout, of machinery and other equipment
to meet an owner’s objectives.

Engineering consists generally of the follow-
ing processes:

1. Determining the enclosures for the desired
spaces

2. Determining the means of supporting and
bracing these enclosures

3. Providing the enclosures and their supports
and bracing with suitable characteristics,
such as high strength, stiffness, durability,
water resistance, fire resistance, heat-flow
resistance and low sound transmission.

4. Determining the means of attaining the de-
sired environmental control (HVAC, light-
ing, noise)

5. Determining the means of attaining the de-
sired horizontal and vertical circulation of
people and supplies

6. Providing for water supply and waste
removal

7. Determining the power supply needed for
the building and the means of distributing
the required power to the places where it
is needed in the building

8. Providing for safety of occupants in emer-
gency conditions, such as fire.

Legally, the architect acts as an agent of the
owner. Thus, at the completion of design, the
architect awards a construction contract to a
general contractor and later inspects construc-
tion on behalf of the owner, who is obligated to
pay the contractor for work done.

What Contractors Do

In effect, the owner selects the general contrac-
tor. The architect provides advice and assists
the owner in reaching a decision. The owner
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may pick a contractor on the basis of price alone
(bidding) or may negotiate a price with a con-
tractor chosen on the basis of reputation.

The general contractor selects the various sub-
contractors who will be needed. Selection is
generally based on the lowest price obtained
(bidding) from reputable companies with whom
the contractor believes it will be easy to work.
The contractor compensates the subcontractors
for the work performed.

Construction consists of the processes of
assembling desired enclosures and their supports
and bracing to form the building specified by the
architect. Construction also includes related
activities, such as obtaining legal permission to
proceed with the work, securing legal certifica-
tion that the completed building complies with
the law and may be occupied, supplying needed
materials, installing specified equipment, provid-
ing for the safety of construction employees
and the general public during construction, and
furnishing power, excavation and erection
equipment, hoists, scaffolding and other things
essential to the work.

Programming

The basic traditional building design procedure
is a multistep process. It starts with the collec-
tion of data indicating the owner’s needs and
desires and terminates with award of the con-
struction contract (see Fig. 1.5).

The procedure starts with preparation of a
building program. The program consists mainly
of a compilation of the owner’s requirements.
The program also contains descriptions of con-
ditions that will affect the building process and
that will exist at the start of construction, such
as conditions at the building site. It is the duty
of the architect to convert the program into
spaces, which then are combined to form a
building. Hence, before planning of a building
can start, a program is needed. The architect
prepares the program from information supplied
by the owner, owner representatives, or a build-
ing committee.

In collecting data for the program, it is impor-
tant for the architect to learn as soon as possible
how much the owner is willing to pay for the
building (the budget) and if there is a specific
date on which the building must be ready for
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Fig. 1.5. Steps in the basic traditional building pro-
cedure.

occupancy. If either the budget or construc-
tion time are unrealistic, the owner should be
informed immediately, in writing. If realistic
figures cannot be negotiated, the architect

should not proceed. If he does and the owner
suffers economic injury, the architect may not
receive compensation for work performed on
the project.

The data supplied by the owner should indi-
cate clearly what his objectives are, so that the
functions, or purposes, of the building are evi-
dent. The architect should also ascertain how
the owner expects to attain those objectives—
the activities to be performed in the building,
approximate space needed for each activity,
number of employees per activity, relationship
between activities or work flow, equipment
that will be installed for the activities, desired
environmental conditions (HVAC, lighting and
sound control) and other requirements that will
be needed for design of the building.

Information also will be needed on the site on
which the building will be erected. This infor-
mation should cover subsurface conditions as
well as surface conditions. If the owner has
already purchased a building lot before the pro-
gram has been prepared, the architect will have
to adapt the building to the site. A much more
desirable situation is one in which a site has not
yet been bought, because the architect will
then have greater planning flexibility; the archi-
tect can assist the owner in deciding on a site.

The owner is responsible for providing infor-
mation on the site necessary for design and con-
struction of the building. The architect, how-
ever, acting as the owner’s agent, generally
engages a land surveyor to make a site survey,
and foundation consultants for subsurface
investigations.

The architect should then submit the com-
pleted program to the owner for approval. If
there are any omissions or misconceptions of
the requirements, they should be rectified be-
fore planning starts, to save time and money.
Approval of the owner should be obtained in
writing.

Conceptual Phase

During data collection, the architect may have
formulated some concepts of the building, but
on completion of the program, he formalizes
the concepts—translates requirements into
spaces, relates the spaces and makes sketches
illustrating his ideas. To see how other de-
signers have met similar requirements for build-



ing design, the architect may visit other build-
ings. Then, by a combination of intuition,
judgment based on past experience and skill,
he decides on a promising solution to the re-
quirements of the program.

Cost estimators then prepare an estimate of
the construction cost for the selected solution.
Since at this stage, practically no details of the
building design have been decided, the result is
called a rough cost estimate. If the estimate is
within the owner’s budget, the solution can be
prepared for submission to the owner for ap-
proval. Otherwise, the scheme must be modi-
fied, usually by making the layout more effi-
cient or by reducing allotted floor areas or
building volume.

Efficiency of layout is sometimes measured
by the tare, or ratio of useful floor area to the
gross floor area (total floor area enclosed within
the outer faces of the exterior walls). Efficiency
for some types of buildings also may be mea-
sured by the floor area per occupant or unit
of production.

The proposed solution is submitted to the
owner mainly as sketches, known as schematic
drawings, along with the rough cost estimate
(see Fig. 1.5). Though lacking in detail, the
schematics show the owner what the building
will be like. They include a site plan indicating
the orientation of the building and its location
on the site, as well as the access to be provided
to the site and the building. The schematics
should also include major floor plans, showing
the location- of rooms and corridors and floor
areas allotted. In addition, exterior views, or
elevations, should be provided to illustrate the
proposed finished appearance of the building
exterior. The plans and elevations should indi-
cate the basic materials that have been selected.
Besides the schematics, the architect may sub-
mit to the owner perspective drawings or a
model to give a better indication of how the
building will look.

The owner may suggest modifications of the
plans or may reject the entire scheme. In the
latter case, a new concept must be developed.
Because of this possibility, time and money are
saved in the conceptual stage by developing no
more detail than necessary to present a possible
solution to the program requirements.

The conceptual phase is further discussed in
Sec.4.3.
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Design Development

After the architect receives, in writing, the
owner’s approval of the schematic drawings and
rough cost estimate, the design is developed in
detail (see Fig. 1.5). In this phase, the designers
concentrate on technology. The objective of
this phase is to bring the building into clearer
focus and to a higher level of resolution. The
phase culminates in completion of preliminary
construction drawings, outline specifications
and preliminary cost estimate.

In the conceptual phase, the architect’s aes-
thetic concerns were mainly with function,
mass and space. During design development,
the architect pays more attention to surface
and detail.

The structural engineer prepares drawings
showing the framing and sizes of components.
The mechanical engineer shows the layout of
pipes, air ducts, fixtures and HVAC equipment
and provides data on escalators and elevators.
The electrical engineer indicates in drawings the
location and type of lighting fixtures and lay-
out of electric wiring and control equipment,
such as switches and circuit breakers.

The designers also prepare outline specifica-
tions to record, for review, the basic decisions
on materials and methods that will later be in-
corporated in the contract documents. These
specifications need not be as precisely worded
as the final specifications; they may be brief, in
the form of notes.

When the preliminary drawings and outline
specifications have been completed, cost esti-
mators can prepare a more accurate estimate of
the construction cost for the building. If the
refined estimate is not within the owner’s bud-
get, changes are made to reduce costs. It should
not, however, be necessary to revise the basic
concepts approved in the conceptual phase, but
it may be necessary to modify the structural
framing, switch window types, change the
exterior facing, specify less expensive heating
or cooling equipment, pick different lighting
fixtures, or even omit some features desired by
the owner but not really essential.

When construction cost estimates are brought
to the desired level, the preliminary drawings,
outline specifications and estimated cost are
submitted to the owner for approval. Revisions
are made, as necessary, to obtain the owner’s
written approval.
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Design development is further discussed in
Sec.44.

Contract Documents Phase

The ultimate objective of the design effort is
production of information and instructions to
constructors to insure that a building will be
produced in complete accordance with the de-
sign agreed on by the owner and the architect.
The information and instructions are provided
to the builder in the form of working, or con-
struction, drawings and specifications (see Fig.
1.5). These are incorporated in the construc-
tion contract between the owner and the builder
and therefore become legal documents. As
such, they must be prepared with extreme care
to be certain that they are precise and their in-
tent is clear.

In the contract documents phase of design,
the designers’ efforts are concentrated mostly
on details and refinements, inasmuch as the
main features of the building were worked out
in design development and approved by the
owner. If changes have to be made in the de-
sign at this stage, they are likely to be much
more costly than if they had been made in ear-
lier phases. The architect, with the advice of
legal counsel, also prepares the construction
contract.

With final details of the design worked out,
a more accurate estimate of construction cost
can now be made. If this estimate exceeds the
owner’s budget, the designers have to revise
drawings or specifications to bring costs down.
When they have done this, the contract docu-
ments are submitted to the owner for approval.
Again, revisions are made, as necessary, to ob-
tain written approval; but with the high cost of
changes at this stage, a sophisticated owner
would restrict requests for modifications only
to corrections of mistakes. '

Contract documents are further discussed in
Chap. S.

Contract Award

After the contract documents have been ap-
proved, the architect assists the owner in ob-
taining bids from contractors or in negotiating

a contract with a qualified contractor (see Fig.
1.5). The architect also aids in evaluating pro-
posals submitted by contractors and in award-
ing the contract.

For private work, for example construction
not performed for a public agency, the owner
usually awards a single contract to a general
contractor. The contractor then awards sub-
contracts to specialists who perform most or all
of the work. The owner may negotiate a con-
tract with a general contractor with whom the
owner has had previous experience or who has
been recommended by the architect or other
advisers. Or the owner may select a contractor
on the basis of bids for the work.

For public work, such as a city or state proj-
ect, there may be a legal requirement that bids
be taken and separate construction contracts be
awarded for the major specialties, such as the
mechanical and electrical trades. In addition,
a separate contract must be awarded to a general
contractor, who is assigned responsibility for
coordinating the trades and execution of all of
the work. Usually, bidding is open to anyone
wishing to bid, and the contracts must be
awarded to the lowest responsible bidders.

Bidding requirements and contract awards are
further discussed in Sec. 5.5.

General Critique

The basic traditional building process described
in this chapter and extended to the construc-
tion phase in Chap. S evolved into its present
form over many years, and is widely used.
Clients, designers and contractors are familiar
with it and generally produce good buildings
with it.

The basic traditional building procedure usu-
ally yields buildings that meet functional re-
quirements well, are aesthetic, with safe struc-
ture, good lighting, adequate heating and
cooling, and good horizontal and vertical circu-
lation. In addition, the procedure is geared to
submission of bids for construction that are
within the owner’s budget. The architect sub-
mits cost estimates to the owner for approval at
the start of the conceptual phase, at the conclu-
sion of the conceptual phase, at the end of de-
sign development and with the contract docu-
ments. At any stage, if the estimate is too high,



the design is revised to reduce estimated costs.
Also, if contractors’ bids or negotiated prices
are too high, changes in the design are made to
bring prices down.

If the procedure produces good buildings at
prices owners are willing to pay, why then
should the procedure be changed?

Should it be changed because the charge can
be made that the owner may be paying too
much for the building provided, though he is
willing to pay the price? This may be true, but
it also is probably true of almost every conceiv-
able design procedure. Enough research and
study can always produce a better design. But
the cost of such research and study may not
warrant these efforts. Furthermore, the time
available for design and construction may not
be sufficient. Consequently, changes in the ba-
sic traditional procedure must be justified by
more specific defects.

One drawback is the frequent occurrence of
construction costs that exceed bid or negotiated
prices. Such situations generally occur because
the owner orders design changes while the build-
ing is under construction. Such changes almost
never reduce construction costs and almost al-
ways are costly.

These situations may occur partly because of
the type of construction contract used. For ex-
ample, when a contractor takes a job for a fixed
price, there is a profit incentive to encourage
change orders. Design changes during construc-
tion usually yield higher profits to the con-
tractor. To low bidders, change orders often
mean the difference between profit and loss for
a project. Nevertheless, as reputable contractors
can point out, change orders often are neces-
sary because of design mistakes or omissions.
(Occasionally, changed conditions affecting the
owner’s requirements for the building may
compel issuance of change orders.) Modifica-
tions of the design procedure therefore could
have the objective of reducing the number of
mistakes and omissions in design.

Another defect arises because of the separa-
tion of design and construction into different
specialties. If designers do not build, they do
not have firsthand knowledge of construction
costs and consequently often cannot prepare
cost estimates with needed accuracy.
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In addition, construction costs usually de-
pend on the construction methods used by the
contractor. Since the contractor generally is
free to choose construction methods, designers
can only base their cost estimates on the prob-
able choice of methods. This can introduce
further inaccuracies in the estimates.

Also, knowledge of the construction market
at the time when and the place where the build-
ing will be constructed is necessary. This re-
quires familiarity with availability of subcon-
tractors, construction workers, construction
equipment, building materials, and equipment
to be installed when needed for construction.
Contractors take such conditions into account
in establishing construction costs; designers
rarely do. Thus, further inaccuracies may be
introduced into their cost estimates.

The result often is that the owner pays too
much for the building provided, though the
price may be within his budget. Modifications
of the design procedure therefore could have
the objective of bringing construction experts
into the design process.

Still another drawback is that construction
costs are kept within the budget by permitting
maintenance and operating costs to rise. Cheap
building materials and equipment are specified
to cut initial costs, but they prove expensive in
the long run. Sometimes this condition is made
necessary because an owner could otherwise
not afford to build and is willing to risk high
maintenance and replacement costs. He is will-
ing to pay the higher maintenance and operat-
ing costs until he becomes affluent enough to
replace the costly materials and equipment.
Often, however, owners are not aware of ex-
cessive life-cycle costs until after they occupy
the building. (Life-cycle costs are the sum of
initial installation costs and maintenance and
operating costs over a long period of time, usu-
ally at least ten years for buildings.) Changes
in the design procedure consequently could
have the objective of placing relevant emphasis
on construction and life-cycle costs.

Another common defect is the lack of coor-
dination of the work of the various design spe-
cialists. The architect develops building forms
and room layouts with little advice from engi-
neering consultants. The latter, in turn, prac-
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tice their specialties with little concern for each
other’s products, except when the architect dis-
covers that two different building components
are scheduled to occupy the same space. Usu-
ally, then, one of the consultants is compelled
to move an overlapping component.

Often, there is no effort to integrate compo-
nents designed by different specialists into a
single multipurpose component, with conse-
quent reduction in construction costs. Hence,
the objective of revamping the design proce-
dure could be production and installation in
buildings of more multipurpose building com-
ponents.

Furthermore, the whole philosophy of design
with respect to the basic traditional procedure
may be questioned. Under existing economic
pressures and time schedules, each designer pro-
poses one scheme for his specialty, based on
intuition, judgment or experience. This design
may or may not be the optimum for the cost or
the least costly; but the decision may not be
questioned, especially when bid or negotiated
prices fall within the owner’s budget. Thus,
there is no pressure for further reduction of
construction costs. Consequently,an important

reason for changing the design procedure is the '

need for reducing construction costs without
increasing life-cycle costs.

Other variations of the basic traditional de-
sign procedure often used include engagement
of a consulting engineer or an architect-engineer
firm instead of an architect. These variations
generally have about the same disadvantages as
the traditional procedure. All need to be
changed to reduce construction costs while
maintaining high-quality design.
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Words and Terms

Bidding

Building Program

Design Phases: programming, conceptual, development,
construction documents, bidding

Engineering

Life-cycle costs

Planning

Tare

Significant Relations, Functions, and
Issues

Two steps of building design: planning and engineering.

Sequential phases of design—from programming to con-
struction.

Functions of the architect as agent of the owner.

Building construction contract awarding process.

Cost control for construction related to the owner/contrac-
tor contractural agreement.

Separate effects of cost control measures on design, con-
struction, maintenance, and operation costs.

1.3 SYSTEMS DESIGN
APPROACH TO BUILDING

The General Critique of Sec. 1.2 indicates that
the basic traditional building procedure could
be improved by

1. More questioning of the cost effectiveness
of proposed building components and
greater efforts to obtain better alternatives.

2. Coordinating the work of various design
and construction specialists to achieve
more cost-effective designs; for example,
use of multipurpose building components
in which the products of two or more
specialties are integrated.

3. Placing relevant emphasis on both con-
struction and life-cycle costs.

4. Having construction experts contribute
their knowledge of construction and costs
to the design process.

5. Use of techniques that will reduce the
number of mistakes and omissions in de-
sign that are not discovered until after
construction starts.

The systems design approach described briefly
in this section and in more detail in follow-
ing chapters offers opportunities for such im-
provements.



Operations Research

Development of the technique known as opera-
tions research or systems analysis began early in
the 20th Century but became more intense
after 1940. Many attempts have been made to
define it, but none of the definitions appears to
be completely satisfactory. They either are so
broad as to encompass other procedures or they
consist merely of a listing of the tools used in
operations research. Consider, for example, the
definition proposed by the Committee on Op-
erations Research of the National Research
Council:

Operations research is the application of the
scientific method to the study of the operations
of large complex organizations or activities.

The scientific method comprises the follow-
ing steps:

1. Collection of data, observations of natural
phenomena

2. Formulation of an hypothesis capable of
predicting future observations

3. Testing the hypothesis to verify the ac-
curacy of its predictions and abandonment
or improvement of the hypothesis if it is
inaccurate

Operations research does satisfy the definition;
but architects and engineers also can justifiably
claim that the design procedures they have been
using are also covered by the definition. A
major difference, however, between traditional
design procedures and operations research, or
systems analysis, is that the traditional design
steps are vague. As a result, there usually is
only a fortuitous connection between the state-
ment of requirements, or program, and the final
design. Systems analysis instead marks a pre-
cise path that guides creativity toward the best
decisions.

Definition of a System

Before the systems design method can be ex-
plained in full, a knowledge of terms used is
necessary. Similarly, before the method can be
applied to building design, a knowledge of basic
building components is essential. Following are
some basic definitions:
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A system is an assemblage of components
formed to serve specific functions or to meet
specific objectives and subject to constraints,
OF restrictions.

Thus, a system comprises two or more essen-
tial, compatible and interrelated components.
Each component contributes to the performance
of the system in serving the specified functions
or meeting the specified objectives. Usually,
operation, or even the mere existence, of one
component affects in some way the performance
of other components. In addition, the required
performance of the system as a whole, as well
as constraints on the system, impose restric-
tions on each component.

A building satisfies the preceding definition
and description of a system. Even a simple
building, with only floor, roof, walls, doors and
windows, is a system. The components can be
assembled to provide the essential functions:

1. Surtace on which activities can take place
and furnishings or materials can be stored.
Shelter from the weather

. Access to and from the shelter

Light within the shelter

. Ventilation within the shelter

v bW

The components are essential, compatible and
interrelated. The combination of floor, roof
and walls, for example, meets the requirement
of shelter from the weather, because these
components fully enclose the spaces within the
building. Floor, roof and walls also must be
compatible, because they must fit tightly to-
gether to exclude precipitation. In addition,
they are interrelated, because they interconnect,
and sometimes the walls are required to support
the roof. Similar comments can be made about
walls, doors and windows.

Systems Analysis

In systems analysis, a system is first resolved
into its basic components. Then, it is investi-
gated to determine the nature, interaction and
performance of the components and of the
system as a whole.

Components also may be grouped into
smaller assemblages that meet the definition of
a system. Such assemblages are called subsys-
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tems. Systems analysis also may be applied to
subsystems.

A complex system can be resolved into many
sizes and types of subsystems. For example, it
may not only be possible to separate subsys-
tems into subsubsystems but also to recombine
parts taken from each subsubsystem into a new
subsystem. Hence, a system can be analyzed in
many different ways.

Consider, for instance, a building wall. In
some buildings, a wall can be composed of a
basic component. In other buildings, a wall
may consist of several components: exterior
surfacing, water-resistant sheathing, wood studs,
insulation and interior paneling. In the latter
case, the wall may be considered a subsystem.
In such buildings, power may be supplied by
electricity, in which case the electrical equip-
ment and wiring may be considered a subsys-
tem. Suppose now that the wiring is incorpo-
rated in the wall, between the wood studs.
Then, the wiring and other wall components
may be considered a subsystem.

Systems Design

Systems design is the application of the scien-
tific method to selection and assembly of com-
ponents or subsystems to form the optimum
system to attain specified goals and objec-
tives while subject to given constraints, or
restrictions.

Applied to buildings, systems design must
provide answers to the following questions:

1. What precisely should the building ac-
complish?

2. What conditions exist, or will exist after
construction, that are beyond the de-
signers’ control?

3. What requirements for the building or
conditions affecting system performance
does design control?

4. What performance requirements and time
and cost criteria can be used to evaluate
the building design?

Value Analysis

An additional step, aimed at reduction of life-
cycle costs of buildings, was introduced into

the traditional building procedure about the
middle of the 20th Century. This new step
required a study, generally by separate cost
estimators and engineers, of ways to reduce
cost, in addition to normal design considera-
tions of cost and function. The technique used
in such studies became known as value analysis,
or value engineering.

When used, value analysis often was permitted
or required by a clause in the construction con-
tract. This clause gave the general contractor
an opportunity to suggest changes in the work-
ing drawings and specifications. As an incentive
for so doing, the contractor was given a share of
the resulting savings, if the owner accepted the
suggestions. Thus, the design changes were
made during the construction phase, after the
designers had completed their work, and the
construction contract had to be amended ac-
cordingly. Despite the late application of value
analysis in the building procedure, the technique
generally yielded appreciable savings to owners.

Nevertheless, the technique is applicable in
the other phases of the building process. Fur-
thermore, experience has shown that cost-
reduction efforts are more effective in the ear-
lier phases of design. Consequently, it is logical
to start value analysis in the conceptual phase
and continue it right through the contract
documents phase.

As practiced, value analysis is an orderly se-
quence of steps with the goal of lowering life-
cycle costs of a proposed system. In the search
for cost reductions, the analysts question the
choice of systems and components and propose
alternatives that are more cost effective. Based
on observations of current value-analysis prac-
tice, the following definitions are proposed:

Value is a measure of benefits anticipated
from a system or from the contribution of a
component to system performance. This
measure must be capable of serving as a guide
in a choice between alternatives in system
evaluation.

Value analysis is an investigation of the rela-
tionship between life-cycle costs and values
of a system, its components and alternatives
to these. The objective is attainment of the
lowest life-cycle cost for acceptable system
performance.



Note that the first definition permits value to
be negative; for example, an increase in cost to
an owner because of a component characteristic,
such as strength or thickness.

Note also that the second definition sets the
goal of value analysis as the least cost for ac-
ceptable system performance. This differs from
the goal of systems design, as previously de-
fined, which is to produce the optimum solu-
tion. Thus, systems design may seek either the
least cost, as does value analysis, or the best
performance for a given cost. Since there is a
common goal, it appears well worthwhile to
integrate value analysis into the overall design
process.

Sometimes, value can be expressed in terms
of money; for example, profit resulting from a
system change. If this measure is used, value
analysis is facilitated, because life-cycle cost and
value, or benefit, can be directly compared in
monetary terms. Often, however, in value anal-
ysis of buildings, value is based on a subjective
decision of the owner. He must, for example,
decide how much more he is willing to pay for
an increase in attractiveness of the building ex-
terior, or conversely, whether the savings in
construction cost from a decrease in attractive-
ness is worthwhile. Thus, value analysis must
be capable of evaluating satisfaction, prestige,
acceptability, morale, gloom, glare, draftiness,
noise, etc.

Value analysis is further discussed in Chap.
3, Sec. 3.12.

Systems Design Procedure

In accordance with the definition of systems
design and the description of the scientific
method, the systems design procedure has three
essential parts: analysis, synthesis and ap-
praisal. These may be carried out in sequence
or simultaneously.

Analysis is the process of giving the designers
and value engineers an understanding of what
the system should accomplish. Analysisincludes
collection of data, identification of the objec-
tives and constraints, and establishment of
performance criteria and relationships between
variables.

Synthesis is the process of selecting compo-
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nents to form a system that meets the design
objectives while subject to the constraints.

Appraisal is the process of evaluating system
performance. Value analysis is part of the ap-
praisal phase, to insure cost effectiveness of
components. Data obtained in the appraisal
are used to effect improvements in the system,
through feedback of information to analysis
and synthesis.

Thus, the procedure is repetitive, or cyclical.
Information feedback should insure that the
system produced in each cycle is better than its
predecessor. Consequently, the design should
converge on the optimum system. Whether
that system can actually be attained, however,
depends on the skills of the designers and the
value engineers. Each cycle consumes time;
costs mount with time, and in addition, the
design must be completed by a deadline. Hence,
design may have to be terminated before the
optimum system has been achieved.

Optimization

For complex systems, such as buildings, it usu-
ally is impractical to optimize a complete sys-
tem by simultaneous synthesis of optimum
components. It may be necessary to design
some components or subsystems in sequence,
while, to save time, other parts are designed
simultaneously. In practice, therefore, synthe-
sis of a system can develop by combination of
components or subsystems that can be realis-
tically optimized rather than by direct optimiza-
tion of the complete system. Nevertheless, to
obtain the best system by this procedure, the
effects of each component or subsystem on
other components must be taken into account.

Thus, in building design, floor plans and ex-
terior views of the building are produced first.
Then, structural framing, heating and cooling
subsystems and electrical subsystems usually
are synthesized simultaneously. The effects of
the various subsystems on each other may re-
sult in changes in each subsystem. Also, value
analysis may suggest improvements to reduce
life-cycle costs. At some stage in the design,
however, the system can be studied as a whole
with optimization of the total system as the
goal.
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That optimization of a building’s subsystems
does not necessarily lead to optimization of the
building can be demonstrated by a simple ex-
ample. Assume that a tennis court is to be en-
closed in a building. Suppose that initially a
design is proposed with four vertical walls and a
flat horizontal roof (see Fig. 1.6a) and with
other appurtenances essential for a tennis
court. Suppose also that the building is re-
solved into three subsystems: the walls, the
roof and the other appurtenances. Then, each
subsystem is designed for the lowest possible
cost. For that condition, the cost determined
for the building is the sum of the subsystem
costs. There may now be possible, however, a
lower-cost building achieving the same results.
For example, a curved, cylindrical enclosure
may be constructed between the sides of the
court, with vertical walls at the two ends (see
Fig. 1.6b). The curved enclosure may be less
costly than the two walls and the roof it re-
places. Hence, the alternative building (see Fig.
1.6b) would cost less than the one with four

walls and roof.

(b)

Fig. 1.6. Two possible building shapes for enclos-
ing a tennis court. (a) Building with four walls and a
roof; (b) building with cylindrical enclosure and two
end walls.

Adaptation of the Traditional
Procedure to Systems Design

In the application of the systems-design proce-
dure to buildings, it is desirable to retain as
much of the basic traditional building proce-
dure as is feasible, because of its advantages. In
fact, with some revision of the procedures in
the various phases, the steps of the traditional
procedure indicated in Fig. 1.5 can be retained
in systems design of buildings. In brief, the
changes are as follows:

To have the greatest impact on design effi-
ciency, systems design application should
commence at the very earliest stages of the
building process. Programming should be done
in anticipation of the use of value analysis as a
design tool; value analysis challenges should
be made of proposals in the conceptual stage,
where design changes can be made with little
or no cost involved in effecting the changes.

Systems design procedures should continue
through the design development phase, in
which major features of the design are synthe-
sized. In that phase also there is little cost for
making design changes.

During the contract documents phase, how-
ever, major system design changes become
costly in terms of time lost and redesign work
required. Consequently, complete application
of the systems design procedure may not be de-
sirable. But for work that originates in this
phase, such as that involving detailed design
and writing of specifications, value analysis
may be profitably applied.

During the construction phase, changes are
very expensive and should preferably be lim-
ited to corrections of mistakes or adjustments
for unanticipated situations. If changes are pro-
posed by the contractor, they should be sub-
jected to value analysis to assure their fit with
the original design objectives.

General Critique

The systems design procedure, as outlined in
this section, has nearly all the advantages of the
basic traditional building procedure. Systems
design, in addition, offers the five desired im-



provements that were described at the beginning
of this section.

Two of the improvements are readily dis-
cerned. Incorporation of value analysis in the
procedure provides the desired questioning of
design proposals. Though aimed primarily at
cost reduction, value analysis, as a part of sys-
tems design, will also encourage innovation,
because use of new materials, equipment or
methods is one means to reduce costs. System
design also provides for the desired inclusion of
life-cycle costs in evaluations of design pro-
posals. To the extent that data are available,
maintenance and operating costs can be incor-
porated in cost estimates and value analyses.

Systems design does offer the other three im-
provements (coordination of design specialists,
contributions of construction experts, and re-
duction of errors), although how it does may
not be evident at this time. Those improve-
ments come about as a consequence of the or-
ganization of personnel required for effective
execution of systems design. This is discussed
in Sec. 1.4.

Systems design, however, does have disadvan-
tages. It takes more time and effort than the
traditional procedure. Consequently, design
costs are higher. To offset the higher costs, the
owner should pay a higher design fee. It may
be difficult, though, to persuade an owner to
do this, since some design firms providing less
desirable design services may offer to do the
design for less money.

Several difficulties are likely to be encountered
in application of systems design:

Needed data may not be.available.

Information supplied by the owner for com-
pilation of the building program may be in-
complete initially or misunderstood by the
designers.

Requirements, as stated by the owner,
may not be the actual requirements. Knowl-
edge of existing conditions; for example, sub-
surface conditions at the building site, may be
erroneous.

Many of these difficulties, however, are also
experienced with the traditional procedure.
They are mentioned here to preclude the im-
pression that systems design is a cure-all for the
problems of building design.
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In addition, the appraisal process is more
difficult and may be inaccurate in systems de-
sign. As with the traditional procedure, the
means used in cost estimating may be faulty,
but also in some cases, in value analysis, the
means used in determining values may be
erroneous.

In summary, the systems design approach to
buildings is superior to the traditional proce-
dure. But higher design fees are required to off-
set higher design costs.
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Words and Terms

Analysis Synthesis
Appraisal System
Component Systems Design
Operations research Subsystem
Optimization Value

Scientific method Value analysis

Significant Relations, Functions and
Issues

Steps in systems design procedure: analysis, synthesis, and
appraisal.

Composition and resolution of systems into subunits: sub-
systems and components.

Suboptimization: the perfecting of parts that does not nec-
essarily improve the whole system.

1.4. DESIGN BY BUILDING TEAM

Systems design of buildings requires, as does
traditional design, the skills of diverse special-
ists. These may be the same specialists as those
required for traditional design. In addition, for
the purposes of systems design, additional
specialists, such as value engineers, cost estima-
tors, construction experts and custodians or
plant engineers, are needed. But for systems de-
sign to be effective, the specialists must operate
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differently from the independent manner in
which they did for traditional design.

In systems design, account must be taken of
the interaction of building components and the
effects of each component on the performance
of the system. For better performance of the
system and for cost effectiveness, unnecessary
components should be eliminated and, where
possible, two or more components should be
combined. For these tasks to be accomplished
with facility when the components are the
responsibility of different specialists, those con-
cerned should be in direct and immediate com-
munication. They should work together as a
team.

Thus, it is highly desirable that those respon-
sible for design and construction of a building
form a building team, to contribute their skills
jointly. Working together, the various spe-
cialists provide a diversity of approach to syn-
thesis, a multitude of paths to creative design.
The diversity of skills available for analyses
insures that all ramifications of a decision will
be considered. With several experienced de-
signers with broad backgrounds reviewing the
design output, mistakes and omissions become
less likely .

The Team Leader

Just as for athletic teams, a building team needs
a leader to direct the team effort and to insure
that the owner’s objectives are met at minimum
life-cycle cost and in the least time.

The team leader should be a generalist, famil-
iar with all aspects of building design and con-
struction, cost estimating and value analysis.
This person should not only have leadership
abilities but also architectural or engineering
training, artistic talents, business expertise,
public relations capabilities, management skills
and a professional attitude. As a professional,
the leader must abide by the highest standards
of conduct and provide faithful services to
clients and the public, just as doctors and law-
yers are required to do. Though acting legally
as an agent of the owner, the professional must
be fair and objective in dealing with contractors,
especially when called on for interpretations of
provisions of construction contract documents

or approval of payments. Inaddition,the leader
should be skillful in maintaining good relations
with public officials, including representatives
of local building departments and zoning
commissions.

By education and experience, the team leader
may be an architect, a structural, mechanical,
electrical, value or industrial engineer, or a
construction manager or other professional with
the required capabilities. Under state laws es-
tablished for protection of the public, however,
the leader should be registered as either an ar-
chitect or a professional engineer. In either
case, state registration is achieved after com-
pleting architectural or engineering courses,
years of architecture or engineering experience
and passing a written examination given by the
state.

The leader and the other members of the
team may be employees of a single firm or
representatives of different firms participating
in a joint venture for design of a project. The
leader may also be the prime contractor with
the owner and engage consultants to serve on
the team.

The leader provides liaison between the
owner, members of the team and contractors.
With responsibility for all design activities, the
leader coordinates and expedites the work,
motivates the team to the highest level of
performance and communicates clearly and ac-
curately all necessary information to all con-
cerned with the project.

Other Team Members

Preferably, all team members should have the
same characteristics required of a team leader.
Such characteristics are needed to execute sub-
system design efficiently and to discharge
responsibilities to clients and the public. In
particular, architects and engineers should be
licensed to practice their professions. Follow-
ing is a brief description of each of the special-
ists usually included on the building team:

An architect is a professional with a broad
background in building design. This back-
ground should be sufficient to permit design of
a simple building, such as a one-family house,
without the help of specialists. The architect



should be trained to analyze the needs and de-
sires of clients and to transform those require-
ments into buildings. The training should also
include study of the human factors involved in
building use and operation. In addition, the
architect should be familiar with the influence
on buildings and their occupants of natural
factors, such as geography, climate, material
resources, site and orientation; the influence of
economic, technological and sociological fac-
tors; and the influence of allied arts. Further-
more, this professional should have artistic
talents, appropriate to making buildings attrac-
tive in appearance, inside and outside.

Thus, as part of a building team, the architect
may be delegated responsibility for any or all
of the following plus any other design tasks for
which he may have capabilities:

1. Preparation of the program

2. Arrangement and location of the building
on the site

3. Control of traffic and access to the site
and the building

4. Use of natural features of the site

5. Climate considerations in building design

6. Proper relationship between the building,
its neighbors and the community

7. Aesthetics

8. Compliance of the building and the site
with health, safety and zoning ordinances
and building codes

9. Determination of the size and shape of
interior spaces for human needs and the
relationship of such spaces to each other

10. Interior and exterior surface finishes,
doors, windows, stairs, ramps, building
hardware and, if required, interior
decoration
11. Inspection of construction

A structural engineer is a specialist trained in
the application of scientific principles to design
of load-bearing walls, floors, roofs, foundations
and skeleton framing needed for the support of
buildings and building components. As part of
the building team, this engineer may be dele-
gated responsibility for structural design re-
quired for the building project and inspection
of structural members and connections during
construction.
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A mechanical engineer is a specialist trained
in the application of scientific principles to de-
sign of plumbing and plumbing fixtures; heat-
ing, ventilation and air conditioning; elevators;
escalators; horizontal walkways; dumbwaiters
and conveyors. This engineer also may have
capabilities for designing machines and planning
their location for such buildings as factories
and hospitals. As part of the building team, the
mechanical engineer may be delegated the re-
sponsibility for design and inspection of the
installation of the aforementioned elements.

An electrical engineer is a specialist trained
in the application of scientific principles to de-
sign of electric circuits, electric controls and
safety devices, electric motors and generators,
electric lighting and other electric equipment.
As part of the building team, the electrical
engineer may be delegated responsibility for
design and inspection of the installation of the
aforementioned elements.

A construction manager is a specialist with
considerable experience in building construc-
tion. This expert may be a general contractor,
or a former project manager for a general con-
tractor, or an architect or engineer with practi-
cal knowledge of construction management.
The construction manager should have the
knowledge, experience and skill to direct con-
struction of a complex building, though he may
not be engaged for erection of the building the
team is to design. He must be familiar with all
commonly used construction methods. He
must be a good judge of contractor and sub-
contractor capabilities. He must be a good
negotiator and expediter. He must be capable
of preparing or supervising the preparation of
accurate cost estimates during the various de-
sign phases. He must know how to schedule
the construction work so that the project will
be completed at the required date. During con-
struction, he must insure that costs are con-
trolled and that the project is kept on schedule.
As part of the building team, the construction
manager may be assigned any or all of the fol-
lowing tasks:

1. Advising on the costs of building compo-
nents

2. Providing cost estimates, when needed,
for the whole building
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3. Indicating the effects of selected compo-
nents on construction methods and costs
4. Recommending cost-reducing measures
5. Assisting in selection of contractors and
subcontractors
6. Negotiating construction contracts with
contractors and subcontractors
7. Scheduling construction
. Cost control during construction
9. Expediting deliveries of materials and
equipment and keeping the project on
schedule
10. Inspection of the work as it proceeds

[e o]

A value engineer is a specialist trained in value
analysis. As part of the building team, the value
engineer may head a group of value analysts,
each of whom may be a specialist, for example,
in structural systems, plumbing systems, electri-
cal systems, or cost estimating. The value
engineer provides liaison between the building
team and the value analysis group.

The building team may also include archi-
tectural consultants, such as architects who spe-
cialize in hospital or school design; landscape
architects; acoustics consultants and other spe-
cialists, depending on the type of building to be
designed.

Design, in the sense used in the preceding
descriptions, means analysis, synthesis and ap-
praisal; preparation of schematic, preliminary
and working drawings; and development of
outline and final specifications.
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Electrical engineer
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EXERCISES

The following questions and problems are pro-
vided for review of the individual sections and
chapter as a whole.

Section 1.1

1. What events made skyscrapers desirable
and practical?

2. What do general contractors do in the
building process?



3. What are the purposes of:
(a) building codes?
(b) zoning codes?

4. What do construction managers do in the
building process?

Section 1.2

5. Describe two major ways of selecting a
general contractor.

6. Name the major steps in the traditional
building procedure.

7. What documents are produced by the
building designers to form a part of the
construction contract.

8. Describe some of the disadvantages of the
basic traditional building procedure.

Section 1.3

9. What is accomplished by:
(a) systems analysis?
(b) systems design?
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10. What is the purpose of value analysis?
11. Describe the three essential parts of sys-
tems design.

Section 1.4

12. Who is best qualified to be the leader of
the design team for implementation of sys-
tems design? Why?

13. What responsibilities and tasks may be as-
signed to the construction manager?

General

14. What are the disadvantages of awarding a
contract to lowest bidder for:
(a) design of a building?

(b) construction of a building?

15. What provision is made in systems design
to insure that each design cycle is an im-
provement over the preceding one?

16. Compare the objectives of analysis, syn-
thesis, and appraisal.



Chapter 2

Basic Building Elements and Their
Representation

Overall optimization of the building system is
the goal of systems design. Buildings, however,
usually are too complex for immediate, direct
optimization of the total system. Instead, it is
first necessary to synthesize subsystems that,
when combined, form the building system.
After normal design studies and value analysis
of these subsystems, they may be replaced
partly or entirely by better subsystems. This
cycle may be repeated several times. Then, the
final subsystems may be optimized to yield the
optimum building system.

The subsystems usually are composed of basic
elements common to most buildings. For the
preceding process to be carried out, a knowl-
edge of these basic elements and of some of the
simpler, commonly used subsystems in which
they are incorporated is essential. This infor-
mation is provided in this chapter.

This chapter also describes the means by
which designers’ concepts of buildings, building
elements to be used and the manner in which
they are to be assembled are communicated to
others, in particular to owners, contractors and
building department officials. Subsystem de-
sign is discussed in later chapters.

To simplify terminology, a building as a whole
is called a building system in this book, or sim-
ply a building. Major subsystems of buildings
are called systems; for example, floor systems,
roof systems, plumbing systems, etc. Two or
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more components of such systems may form a
subsystem.

2.1. MAIN PARTS OF BUILDINGS

Nearly all buildings are constructed of certain
basic elements. For illustrative purposes, sev-
eral of these are indicated on the cross section
of a simple, one-story building, with basement,
shown in Fig. 2.1.

Structure

To provide a flat, horizontal surface on which
desired human activities can take place, all
buildings contain at least one floor. In primi-
tive buildings, the ground may be used as the
floor. In better buildings, the floor may be a
deck laid on the ground or supported above
ground on structural members, such as the
Jjoist indicated in Fig. 2.1.

To shelter the uppermost floor, buildings are
topped with a roof, usually waterproofed to ex-
clude precipitation. Often it is necessary to
support the roof over the top floor on structural
members, such as the rafter shown in Fig. 2.1.
For further protection against wind, rain, snow
and extreme temperatures, the outer perimeter
of the floors are enclosed with an exterior wall
extending from ground to roof (see Fig. 2.1).
If the building extends below the ground sur-
face, for example, to provide a basement as
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Fig. 2.1. Vertical cross section of a one-story building with basement.

does the structure in Fig. 2.1, foundation walls
must be furnished to carry the exterior walls
and to keep the earth outside from collapsing
into the basement. Unless the foundation walls
can be seated on strong rock, some sort of sup-
port must be furnished to keep them from sink-
ing into the soil. For this purpose, spread foot-
ings, such as those shown in Fig. 2.1, are often
used. These distribute the load of the walls over
a large enough area that settlement of the soil
under the walls is inconsequential.

In most buildings, spaces for various activi-
ties are enclosed, to separate them from each
other, to form rooms. The enclosures are called
interior walls or partitions.

Circulation

At least one partition or wall around a room has
an opening to permit entry or to exit from the
room. Such openings usually are equipped with
a door, a panel that can be moved to fill the
opening, to bar passage, or to clear the open-
ing. Exterior walls also have openings equipped
with doors, to permit entry to and exit from the
building interior.

In multistory buildings, because there is one
floor above another, stairs are provided, for
normal or emergency use, to permit movement
from one floor to the next. Sometimes, stair-
ways with moving steps, driven by electric
power, called escalators, are installed to move
people from floor to floor. In buildings with
many floors, elevators, powered lifting de-
vices, are provided for vertical transportation.
In some buildings, such as parking garages and
stadiums, sloping floors, or ramps, are used for
movement between floors.

Environmental Control

To admit daylight to the building interior and
to give occupants a view of the outdoors, the
exterior walls usually contain openings in
which windows glazed with a transparent ma-
terial are inserted. The windows, like the ex-
terior walls in which they are placed, must
exclude wind, rain, snow and extreme tem-
peratures. Also, the windows often are open-
able so that they can be used to ventilate the
building interior.

For maintenance of desirable indoor temper-
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atures, equipment usually must be installed for
heating or cooling, or both. Often, this equip-
ment is supplemented by ducts or pipes that
conduct warmed or chilled air or liquid to var-
ious rooms in the building. In addition, chim-
neys are provided to vent to the outdoors smoke
and gases produced in burning fuel for heating.

Plumbing

In most buildings, certain pipes referred to as
plumbing, must be installed. Some of these
pipes are necessary for bringing water into the
building and distributing it to points where
needed. Other pipes are essential for collecting
wastewater, roof rainwater drainage and some-
times other wastes and conducting those sub-
stances out of the building, to an external sew-
age disposal system. Still other plumbing may
be used to bring heating gas into a building and
distribute it to points where needed; and other
plumbing is needed for venting air or gases
from some of the pipes, when necessary, to the
outdoors.

Also considered as part of the plumbing sys-
tem are associated valves, traps and other con-
trols and fixtures. The plumbing fixtures in-
clude sinks, lavatories, bathtubs, water closets,
urinals and bidets.

Electrical Systems

In most buildings, electric equipment and wir-
ing are provided to bring electric power into the
interior and distribute the power where needed,
for lighting, heating, operating motors, control
systems and electronic equipment. Lighting fix-
tures also are considered part of the electrical
system. Other wiring also is installed for com-
munication purposes, such as telephone, pag-
ing and signal and alarm systems.

2.2, FLOORS AND CEILINGS

As mentioned in Sec. 2.1, floors provide the
flat, horizontal surfaces on which desired hu-
man activities take place in a building. Pri-
marily then, a floor is a deck on which people
walk, vehicles ride, furniture is supported,
equipment rests and materials are stored.

Floor-Ceiling Systems

Often, for aesthetic reasons, for foot comfort,
for noise control or to protect the deck from
wear, a floor covering is placed atop the deck.
In such cases, the deck is called a subfloor.

When a floor is not placed directly on the
ground; for example, when a floor extends
above a room below, some means must be pro-
vided for supporting the deck in place. For this
purpose, the deck may be propped up on such
supports as walls, partitions or columns (posts).
If the deck is made strong and stiff enough, it
can span unassisted between those supports.
Usually, however, supports are placed far apart
so as not to interfere with the room layout be-
low. As a result of such spacing, the deck
would have to be too thick and too heavy to be
self supporting. In such cases, horizontal struc-
tural members, called beams, have to be pro-
vided to carry the weight of the deck and the
loads on it to the vertical supports.

Figure 2.2 illustrates two of many types of
floor construction in use. Figure 2.2a shows a
floor system often used in houses. The ply-
wood subfloor is covered with carpeting. On
the underside, the subfloor is supported on

Fig. 2.2. Floor construction. (a) Plywood subfloor
on wood joists. (b} Concrete deck on steel beams.
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wood structural members, called joists. (Joist
is a term generally applied to very light, closely
spaced, floor-beams.) Because the plywood is
thin, the joists are closely spaced, usually 16
or 24 in. center to center, to provide adequate
support. Figure 2.2b shows a floor sometimes
used in office buildings. The subfloor is strong
and thick, often made of concrete. It may be
covered with linoleum, asphalt or vinyl tile, or
carpeting. Beams for supporting this floor may
be placed relatively far apart and have to be
strong and stiff. They may be steel beams, as
shown in Fig. 2.2b, or concrete or timber
beams.

The underside of the floor, including the
floorbeams, and decorative treatment that may
be applied to that side is called a ceiling. Al-
ternatively, a ceiling may be a separate ele-
ment, or membrane, placed below the subfloor
and beams and usually supported by them. Fig-
ure 2.2 shows flat, horizontal ceilings.

The plenum, or space, between deck and
ceiling below in Fig. 2.2 need not be wasted.
It can be put to use for housing recessed light-
ing fixtures and as a passageway for ducts,
pipes and wiring. Otherwise, space for these
elements, except the lighting fixtures, might
have to be provided above the floor, where
space is much more valuable.

Fire Protection

Beams, whether heavy members or joists, are
critical members. If they should be damaged,
they might bend excessively or break, causing
collapse of the floor and serious injury to build-
ing occupants. Damage to beams might be
caused by overloading the floor, cutting holes
in improper places in a beam for passage of
pipes or ducts, or by fire or high heat. Over-
loading, however, usually is very unlikely.
Structural engineers design beams for much
heavier loads than those likely to be imposed.
Holes, though, sometimes are cut in the wrong
places by ignorant, improperly trained or care-
less construction personnel. Proper supervision
and inspection can prevent this or at least insti-
tute corrective measures before an accident re-
sults. Fire damage, like overloading, can be-
come a rare occurrence by good building design.

Beams usually are made of concrete, wood, or
steel. These materials have different fire resis-
tances. Concrete, if thick enough, can with-
stand fire for hours. But wood structural mem-
bers are slow burning at best and combustible
at worst. Steel structural members, though in-
combustible, can be damaged by fire, if the fire
is hot enough and lasts long enough.

Both wood and steel members, however, can
be protected from fire. A common method is
to enclose such members with a suitable thick-
ness of an insulating, incombustible material,
such as concrete or plaster. As an alternative,
wood members can be impregnated with fire-
retardant chemicals.

Tests have been made to determine for how
long a time specific thicknesses of various ma-
terials can protect structural components from
a rapid buildup of heat, called a standard fire.
Based on the tests, these thicknesses and com-
ponents have been assigned fire ratings. The
ratings give the time, in hours, that the various
types of construction so protected can with-
stand a standard fire. Building codes, in turn,
indicate the minimum fire ratings that building
components should possess, depending on type
of building and how the building is used.

Concrete is an incombustible material with
good resistance to heat flow. When concrete
floors are constructed with the thickness re-
quired for structural purposes, the floors usu-
ally are assigned a high-enough fire rating to
protect wood or steel beams below from a fire
above the floors. In such cases, however, fire
protection still may be required for the bottom
and sides of the beams. For steel beams, this
protection may be furnished by complete em-
bedding of the beams in concrete, with a mini-
mum cover of 1 or 2 in.; but this type of
construction is heavy and therefore often unde-
sirable. When this is the case, the sides and, if
necessary, the bottom of the beams can be
sprayed with a lightweight, protective material
to a thickness of about 1 or 2 in. (see Fig.
2.3a), or the fire protection can be boxed out
with 1- or 2-in.thick plaster or concrete (see
Fig. 2.3b).

In many buildings, however, for aesthetic
reasons as well as for fire protection, the beam
bottoms and sides are protected with a continu-
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(a) (b)

Fig. 2.3. Fire protection for beams supporting a
concrete floor or roof. (a) With a sprayed-on insulat-
ing material. (b) With boxing-in by insulating con-
struction.

ous ceiling, as shown in Fig. 2.2. Gypsum
plaster, gypsumboard, or insulating, acoustic
tiles often are used for such fire protection.

Thus, a floor-ceiling system often may consist
of a floor covering, subfloor, beams, fire protec-
tion, plenum and ceiling. Floor-ceiling systems
are further discussed in Chap. 16.

2.3. ROOFS

The purpose of a roof, as indicated in Sec. 2.1,
is mainly to shelter the uppermost floor of a
building. Thus, the roof must exclude wind,
rain and snow. Generally, it is desirable also
that the roof resist passage of heat, to keep out
solar heat in warm weather and to prevent
heat from escaping from the building in cold
weather. In addition, the roof must be strong
and stiff enough to support anticipated loads,
including wind, ponded rainwater, collections
of snow and weight of repairmen.

Roof construction resembles floor construc-
tion. Usually, a roof, like a floor, has a top
covering. For a roof, however, the covering
generally is wind resistant and waterproof, and
unless intended to serve also as a promenade or
a patio, the roof covering is not so wear resis-
tant as a floor covering. Called roofing, this
waterproof layer usually is thin. Therefore, it
is laid on a roof deck, which is similar to the
subfloor in a floor system. Also, as in a floor,
beams often have to be furnished to support the
roof deck, which has to span over the interior
spaces of the building. In addition, a ceiling
may be placed under and supported from the
roof and beams. Unlike a floor, however, a roof

often incorporates a layer of thermal insulation
to resist passage of heat.

Figure 2.4 illustrates two of many types of
roof construction in use. Figure 2.4a shows a
cross section through a sloping roof often used
for houses. A deck is needed to support the
roofing, which may be roofing paper or felt
covered by protective shingles, tile or similar,
relatively small, overlapping elements. These
are usually also part of the aesthetic treatment
of the building, because a sloping roof is visi-
ble from the ground. In Fig. 2.4a, the deck is
shown supported on wood rafters, which are
laid along the slope of the roof and rest on the
exterior walls of the building. (Rafter is a term
generally applied to a light roof beam.) The
rafters are closely spaced, usually 16 or 24 in.
on centers. Because of the close spacing, a thin
deck can be used; for example, plywood. A
deck this thin often is called sheathing, as in-
dicated in Fig. 2.4a, to denote its primary role
as an enclosure.

Fig. 2.4b shows a flat roof, often used for
industrial or office buildings. The roof deck is
strong and thick, frequently made of concrete.
It usually is covered with a continuous, bitu-
minous, waterproofing membrane. Structural
members, called purlins, for supporting this
deck may be placed relatively far apart and may
be steel beams, as shown in Fig. 2.4b, or con-
crete or timber beams.

Roof ing
p;
ML I T A M. |

Purlin = Vd
i
cotying Roof ‘Deck
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Fig. 2.4. Roof construction. (a) Plywood sheathing
on sloping rafters. (b) Flat concrete deck on steel
beams.
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Just as is done for floorbeams, protection
against injury must be provided for roof beams.
Fire protection, in particular, can be furnished
for roof beams in the same way as for floor-
beams, as indicated in Sec. 2.2. Building codes
indicate the minimum fire ratings that roof con-
struction should possess, depending on type of
building and how the building is to be used.

Thus, a roof-ceiling system often consists of
roofing, roof deck, beams, thermal insulation,
fire protection, plenum and ceiling. Roof sys-
tems are further discussed in Chap. 15.

2.4. EXTERIOR WALLS AND OPENINGS

For many reasons, buildings are enclosed by
walls along their perimeters. The most impor-
tant reason is to shelter the building interior from
wind, rain, snow and extreme temperatures.

An exterior wall may be a single element or
it may consist of several elements. In the latter
case, a typical wall may be built with an exte-
rior facing, a backing, insulation and an in-
terior facing.

In general, a wall, interior or exterior, may be
built in one of the following ways:

Unit Masonry. One basic way is to assem-
ble a wall with small units, such as clay brick,
concrete block, glass block, or clay tile, held
together by a cement, such as mortar. Figure
2.5 shows a wall consisting of two vertical lay-
ers, or wythes, of clay brick.

Beams

Brick

Fig. 2.5. Brick wall.

Floor
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Opening
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Fig. 2.6. Concrete panel wall.

Panel Wall. A second basic way is to form a
wall with large units. A panel, for example,
may be large enough to extend from floor to
ceiling and to incorporate at least one window.
Figure 2.6 illustrates such a panel. Sometimes,
however, a panel need be only deep enough to
extend from a floor to a window above or below.

Framed Wall. A third basic way is to con-
struct a wall with thin, closely spaced structural
members to which interior and exterior facings
are attached and between which insulation may
be placed. Figure 2.7 is an example of a wood-
framed exterior wall, viewed from the inside,
often used for small houses. The vertical struc-
tural members, called studs, are tied together
at top and bottom with horizontal members,
called plates. A continuous bracing member,
called sheathing, which may be plywood or a
gypsum panel, is attached to the outer face of
the studs. If the sheathing is not waterproof, a
waterproofing sheet is fastened to its outer sur-
face. Then, the exterior is covered by a facing,
which may be brick, wood siding, asbestos-ce-
ment shingles or other finish desired by the ar-
chitect and the owner. Thermal insulation may
be installed between the studs. An interior fin-
ish, such as gypsum plaster or gypsumboard,
usually is attached to the interior face of the
studs, to complete the wall.

Combination Walls. Because metals, brick,
concrete and clay tile are strong, durable and
water and fire resistant, one of these materials
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Fig. 2.7. Load-bearing wood-framed wall.

often is used as an outer facing. To reduce wall
costs, a less-expensive material may be used as a
backup. Often, for example, unit masonry may
be used as the exterior facing with wood fram-
ing, or unit masonry may be the backup with a
panel facing.

Curtain Walls

An exterior wall may serve primarily as an en-
closure. Such a wall is known as a nonload-
bearing, or curtain, wall. The wall in Fig. 2.6
is a curtain wall. Supported by the floors above
and below, the wall need be strong enough to
carry only its own weight and wind pressure on
its exterior face.

Load-bearing Walls

An exterior wall also may be used to transmit
to the foundations loads from other building

components, such as other walls, beams, floors
and roof. Such a wall is known as a load-
bearing wall, or, for short, a bearing wall. Fig-
ure 2.5 shows a brick-bearing wall, while Fig.
2.7 illustrates a wood-framed bearing wall.

Openings

In Sec. 2.1, the necessity of doors for entrance
to and exit from a building and the desirability
of windows are indicated. Openings must be
provided for these in the exterior walls.

Where such openings occur, structural sup-
port must be provided over each opening to
carry the weight of the wall above as well as
any other loads on that portion of the wall. In
the past, such loads were often supported on
masonry arches. Currently, the practice is to
carry the load on straight, horizontal beams.
For masonry walls, the beams, often steel an-
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Fig. 2.8. Lintels support the wall above openings.

gles or rectangular concrete beams, are called
lintels (see Fig. 2.8). In wood-framed walls,
the beams are called top headers.

Windows

In exterior walls, openings equipped with win-
dows substitute a transparent material for the
opaque walls. Such openings offer occupants a

view of the outside (see Fig. 2.9) or, for retail
stores, provide passersby a view of merchan-
dise on display inside. The transparent material
usually is glass, but plastics also may be used.
In either case, the material, called glazing,
generally is held in place by light framing,
known as sash. The combination of sash and
glass is usually referred to as a window.

An important function of windows is trans-
mission of daylight for illuminating the adja-
cent building interior. When windows are
openable, the opening may also be used to pro-
vide interior ventilation. Many types of win-
dows are available.

Supports, called a window frame, usually are
provided around the perimeter of the opening
and secured to the wall (see Fig. 2.8). For slid-
ing windows, the frame carries guides in which
the sash slides. For swinging windows, the
frame contains stops against which the window
closes.

In addition, hardware must be provided to
enable the window to function as required. The
hardware includes locks, grips for moving the
window, hinges for swinging windows, and
sash balances and pulleys for vertically sliding
windows.

Fig. 2.9. Windows in an exterior wall.
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Exterior-Wall System

As indicated in the preceding, an exterior wall
may have many components. It is not unusual
for a wall system to include interior and exte-
rior facings, backup, thermal insulation, win-
dows,. doors, and lintels and other framing
around openings. Exterior-wall systems are
further discussed in Chap. 15.

2.5. PARTITIONS, DOORS, AND
INTERIOR-WALL FINISHES

As indicated in Sec. 2.1, interior walls or parti-
tions are used to separate spaces in the interior
of buildings. The term interior walls often is re-
served for load-bearing walls, whereas the term
partitions generally is applied to nonload-
bearing walls.

Neither interior walls nor partitions are sub-
jected to such strenuous conditions as exterior
walls. For example, they usually do not have
to withstand outside weather or solar heat, but
they do have two surfaces that must meet the
same requirements as the interior faces of ex-
terior walls, as described later.

Because load conditions generally are not se-
vere, partitions may be constructed of such
brittle materials as glass (see Fig. 2.10a), weak
materials as gypsum (see Fig. 2.10b and c), or
thin materials as sheet metal (see Fig. 2.10a).
Some light framing, however, may be necessary
to hold these materials in place.

Some partitions may be permanently fixed in
place. Others may be movable, easily shifted.

Runner

Gyspumboard

Sheet Metal

(a) (b)

Still others may be foldable, like a horizontally
sliding door.

Load-bearing walls must be strong enough to
transmit vertical loads imposed on them to sup-
ports below. Such interior walls may extend
vertically from roof to foundations (see Figs.
2.10d and 2.12).

Often, interior walls and partitions are re-
quired to be fire resistant as well as capable of
limiting passage of sound between adjoining
spaces or both.

Doors

Exterior walls are provided with openings for
permitting entrance to and exit from buildings
(see Fig. 2.8). These openings are equipped
with doors that open to allow entry or exit and
close to bar passage. Similarly, openings are
provided in interior walls and partitions to per-
mit movement of people and equipment be-
tween interior spaces. These openings also are
usually equipped with doors to control passage
and also for privacy.

Many types of doors are available for these
purposes. They may be hinged on top or sides,
to swing open or shut. They may slide hori-
zontally or vertically. Or they may revolve
about a vertical axis in the center of the opening.

A lintel is required to support the portion of
the wall above the door. Additional framing,
called a door frame, also is needed for sup-
porting the door and the stops against which it
closes (see Fig. 2.11).

Load-
Bearing
Wall

Gypsumboard Facing

Core Panel

Floor

Beam

(c) (d)

Fig. 2.10. Partitions. (a) Nonload-bearing. (b) Gypsumboard on metal studs. (c) Gypsumboard face panels
laminated to gypsum core panel. (d) Load-bearing concrete interior wall.
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Fig. 2.11. Door and frame.

In addition, hardware must be furnished to
enable the door to function as required. For
example, a swinging door must be provided
hinges on which to swing. Also, a lock or latch
usually is needed to hold the door in the closed
position. A knob or pull is desirable for open-
ing and closing the door and controlling its
movement.

Fig. 2.12. Load-bearing concrete wall supports
concrete floors in a multistory building. Floors and
walls were prefabricated away from the building site.
{Courtesy Formigli Corp.)

Hardware

Builders’ hardware is a general term covering a
wide variety of fastenings and devices, such as
locks, hinges and pulleys. It includes finishing
and rough hardware.

Finishing hardware consists of items that are
made in attractive shapes and finishes and are
usually visible as an integral part of the com-
pleted building. Door and exposed window
hardware are examples of finishing hardware.

Rough hardware applies to utility items that
are not usually finished for attractive appear-
ance. Rough hardware includes nails, screws,
bolts, and window sash balances and pulleys.

Interior-Wall Finishes

The inside faces of exterior walls and faces of
interior walls and partitions that are exposed to
view in rooms, work areas or corridors should
usually satisfy such requirements as attractive
appearance, easy to clean, durable under indoor
conditions and inexpensive maintenance. Pref-
erably, the facings should be fire and water re-
sistant and also should have acoustic properties
appropriate to the space enclosed.

A wide variety of finishes are used for interior
walls. In residential and commercial construc-
tion, plaster and gypsumboard, with paint or
wallpaper decorative treatment, are often used
because of good fire resistance. Sometimes,
however, plywood, fiberboards or plastics are
chosen for aesthetic reasons. For factories or
schools, where harder or perhaps chemical-
resistant finishes are desired, unit-masonry or
tile surfaces often are left exposed or given a
tough, decorative coating. In restaurants and
theaters, in contrast, acoustic requirements are
given high priority, though fire resistance and
aesthetics also are important.

Interior-Wall System

As indicated in the preceding, an interior wall
or partition may have several components. Of-
ten, an interior-wall system may include a fac-
ing on one or two sides, a backup, means of
attachment to floors and ceilings, doors and lin-
tels or other framing around openings. Interior-
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wall systems and doors are further discussed in
Chap. 16.

FOR SECTIONS 2.1 THROUGH 2.5
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Words and Terms

Beam Plenum
Ceiling Purlin

Curtain wall Rafter

Deck Roofing
Ducts Sash

Fire rating Sheathing
Glazing Spread footing
Joist Stud

Lintel Subfloor
Masonry Thermal insulation
Partition Vents

Piping Wiring

Plate Wythe

Significant Relations, Functions and
Issues

Components of building elements: structure, surfacing
(structural decks, sheathing), finishes (roofing, flooring,
etc.), enhancements (thermal insulation, weather seals,
fire protection, etc.).

Floor functions and features: horizontal surface, facilita-
tion of activities, support of suspended items (ceiling,
equipment, etc.), creation of plenum, fire separation.

Roof functions: drainable surface, exclusion of precipita-
tion, insulation of building exterior, support of sus-
pended items, facilitation of openings (chimneys, vents,
ducts, skylights, etc.).

Exterior wall functions: insulation of building exterior,
major exterior building appearance, facilitation of open-
ings for windows and doors.

Interior wall functions: interior space and circulation con-
trol, separation for fire, acoustics and security, ease of
rearrangement if nonstructural.

Circulation elements: doors, stairs, elevators, escalators
and ramps.

2.6. STRUCTURAL
FRAMING AND FOUNDATIONS

Sections 2.2 and 2.3 indicate that floors and
roofs must be strong and stiff enough to span
alone over spaces below or else beams must be

provided to support them. In either case, decks
or beams must be propped in place. For this
purpose, additional structural members must
be provided.

Sometimes, load-bearing walls can be used,
as pointed out in Secs. 2.4 and 2.5 (see also
Fig. 2.12). In other cases, especially when
beams support the floors or roof, strong, slen-
der, vertical members, called columns, are
used. If, however, columns were used under
every beam, the building interior might be-
come objectionably cluttered with them. So,
instead, the beams often are supported on
strong cross beams, called girders, which then
are seated on the columns (see Fig. 2.13). This
type of construction is called skeleton framing.

Foundations

The vertical supports for floors and roof must
carry all loads to foundations situated at or
below ground level. The ground is the ultimate
support for the building.

Foundations are the structural members that
transmit building loads directly to the ground.
Usually, foundations are built of concrete, be-
cause this material is strong and durable.

When a building has a basement, it is en-
closed in continuous foundation walls, to ex-
clude the surrounding earth. In that case, pe-
rimeter, or exterior, walls and columns of the
upper part of the building (superstructure) may
be seated on the foundation walls.

When there is no basement, foundations
should extend into the ground at least to the
frost line, the depth below which the ground is
not likely to freeze in cold weather. Freezing
and thawing of the soil can cause undesirable
movements of foundations seated on that soil.

Ordinarily, soil will settle excessively if
called on to support a column or wall directly,
so walls are spread out at the base to distribute
the loads they carry over large enough areas
that settlement is inconsequential. The spread-
out base under a wall is known as a continuous
spread footing (see Fig. 2.14a). Similarly, if
column loads are to be distributed directly to
the ground, each column is seated on a broad,
thick pad, called an individual spread footing
(see Fig. 2.14b). Sometimes, however, soil is
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Fig. 2.13. Skeleton framing of structural steel for a multistory building. Inclined columns are used to in-
crease spacing of exterior columns in the lower part of the building. (Courtesy United States Steel Corp.)

so weak that the spread footings for columns
become so large that it becomes more econom-
ical to provide one huge spread footing for the
whole building. Such a footing is called a raft,
or mat, footing and occasionally a floating
foundation.

When the soil is very weak, spread footings
may be impractical. .In such cases, it may be
necessary to support the columns and walls on
piles. These are structural members very much

(a) (b)

Fig. 2.14. Spread footings. (a) Continuous footing
for wall. (b) Individual footing for column.

like columns, except that piles are driven into
the ground. Usually, several piles are required
to support a column or a wall. Consequently, a
thick cap, or pile footing, of concrete is placed
across the top of the group of piles to distribute
the load from the column or wall to the piles
(see Fig. 2.15).

Fig. 2.15. Pile footing for column.
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Lateral Stability

Walls and columns by themselves have good
capability for supporting the weight of a build-
ing and its contents (gravity loads). Not all
building loads are vertical, though. Wind or
earthquakes, for example, may impose hori-
zontal forces on the building. Walls or columns
alone may not be adequate to withstand these
lateral loads, which, if not resisted, could de-
stroy the building in either of two ways: Hori-
zontal loads may overturn the building or they
might collapse it like a house of cards. If ade-
quate precautions are not taken, the horizontal
loads might rack rectangular beam-column or
beam-wall framing into a flattened parallele-
piped.

To prevent overturning, height-width and
height-thickness ratios of buildings must be
kept within reasonable limits. Also, column
bases must be anchored to prevent uplift.

To prevent a racking failure, the structural
framing must be designed to transmit the hori-
zontal forces to the ground. Several means are
available for doing this.

One way is to provide diagonal members,
called bracing. These work with beams and
columns or other structural members in trans-
mitting horizontal forces to the foundations and
from them to the ground (see Fig. 2.16a).

Another way is to make rigid connections be-
tween beams and columns, to restrict rotation
of these joints (see Fig. 2.16b). Then, the lat-
eral loads cannot distort the rectangular beam-
column framing into a parallelepiped.

Bracing

/]

l.— Column

>r/ Beams

Horizontal Force

of Wind or

Earthquake
——-

Still another way is to provide long walls,
called shear walls, in two perpendicular direc-
tions (see Fig. 2.16¢). Because a wall by itself
has low resistance to horizontal forces acting
perpendicular to its faces although it has high
resistance to such forces acting parallel to its
faces, one wall alone cannot resist wind or
earthquake forces that may come from any di-
rection. But no matter in what direction the
forces may act, two perpendicular walls can re-
sist them.

Fire Protection

Sections 2.2 and 2.3 point out that fire protec-
tion may be required for floors and roofs, and
especially for beams, and describe how such
protection generally is provided. Similarly,
fire protection may be required for columns
and bracing.

Bracing in buildings where fire protection is
required often is encased in floors, roof or walls.
In such cases, the encasement usually provides
adequate fire protection.

Columns also may be encased in walls that
provide adequate fire protection. Otherwise,
columns may be encased in concrete or enclosed
in boxed-out fireproofing, much like the beam
in Fig. 2.3b.

Structural System

From an overall view, the structural system
may be considered to consist of load-bearing
walls, skeleton framing (beams and columns),

Shear Walls

Beam

Rigid
Connection

(a)

Column

(b) (c)

Fig. 2.16. Lateral bracing of buildings to resist horizontal loads. (a) X bracing. (b) Rigid-frame construction.

(c) Shear walls.
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bracing, shear walls and foundations. Because
foundation design has become a specialty, the
structural system is sometimes partitioned into
two systems: foundations, or substructure, and
superstructure, the walls and framing above the
foundations. Structural systems are further dis-
cussed in Chap. 8.

FOR SECTION 2.6
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Words and Terms

Beam Rigid connections

Bracing Shear walls

Column Skeleton framing

Frost line Spread footings: continuous,
Foundations individual

Girders Substructure

Lateral stability Superstructure

Piles

Significant Relations, Functions, and
Issues

Nature of structural system: skeleton framing versus bear-
ing wall.

Foundation issues: depth below grade (to bottom of con-
struction, to good soil, below frost line), type (spread
footing or deep—pile or caissons), size for load magni-
tude.

Lateral stability issues: type of bracing, critical load—wind
or seismic, three-dimensional stability.

Relation of superstructure to substructure.

2.7 PLUMBING

The main functions of plumbing are twofold:

1. To bring water and also heating gas, if
desired, from sources outside a building
to places inside where they are needed

2. To collect wastewater and stormwater at
points inside the building, or on the roof,
or elsewhere on the site and to deliver
these wastes to sewers outside the building

Execution of these functions of plumbing
primarily requires water, air, gas and pipes.
Also needed, however, are the following:

1. Fixtures for utilizing water, such as lava-
tories, drinking fountains, bathtubs and
showers

2. Fixtures for receiving wastewater and
stormwater, such as water closets, urinals
and drains

3. Control and safety devices, such as valves,
faucets and traps

4. Storage tanks and pumps

5. Vents for removal of gases generated in
the wastewater system or by combustion

6. Fire fighting devices, such as detection
devices, alarms, sprinklers, hoses and hose
valves

Water

Availability of good water in adequate quantity
is a prime consideration in locating, designing
and constructing any building. Usually, there
must be a potable supply ample to meet the
needs of all who will reside, work or visit in the
building. In addition to this basic domestic
need, there must be water for heating, air con-
ditioning, fire protection and wastewater dis-
posal. Also, for industrial buildings, there are
numerous process uses plus a vast equipment-
cooling job for water. It is the function of the
plumbing system to transport the needed water
from points of entry into the building to
points of use.

Heating Gas

This is an optional fuel often selected for build-
ings. Because the gas can form explosive mix-
tures when air is present, gas piping must be
absolutely airtight, not only to prevent gas
from escaping but also to prevent air from
entering.

Wastewater Disposal

The ability to get rid of wastes is as important
a consideration in building design as water sup-
ply. Even for a small house with the normal
small flow of domestic sewage, early determina-
tion is necessary as to whether sewers are avail-
able and can be connected to easily; or if not,
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whether local regulations or physical conditions
permit other economic means of disposal, such
as cesspools or septic tanks. For big industrial
buildings requiring large quantities of water for
cooling and processes, site selection may well
hinge on available and allowable means of waste-
water disposal. The cost of bringing water into
a building may prove small compared to the
cost of discharging the water after use in a
condition acceptable to those responsible for
preventing pollution of the environment. When
wastewater cannot be discharged untreated into
a public sewer, the alternative usually is provi-
sion by the building owner of sewage treatment
facilities.

The responsibility of a building’s plumbing
system for wastewater removal extends from
points of reception inside the building to a pub-
lic sewer or other main sewer outside.

Plumbing Code

Because improper functioning of any plumbing
in a building can impair the health or safety of
occupants and possibly others in the commu-
nity, state and municipal regulations have been
established to govern plumbing design and in-
stallation. These regulations often incorporate
or are based on the “National Plumbing Code,”
which has been promulgated by the American
National Standards Institute as a standard, des-
ignated A40.8. This code gives basic goals in
environmental sanitation and is a useful aid in
designing and installing plumbing systems in all
classes of buildings.

Plumbing systems are further discussed in
Chap. 9.

2.8. HEATING, VENTILATING, AND
AIR CONDITIONING (HVAC) SYSTEMS

Two issues regarding the building interior are
usually combined for design purposes. The first
is the need for fresh, clean air, described as the
need for ventilation, and the second is the need
for thermal control. Systems design to achieve
control of these two conditions are often com-
bined, but it is also possible to do the two tasks
separately.

Ventilation is needed in the interior of a
building to supply clean air for breathing and

to remove odors, tobacco smoke, carbon diox-
ide and other undesirable gases. Ventilation,
however, also is useful for drawing warm or
cool air into a building from outdoors to make
the interior more comfortable. For this pur-
pose, large quantities of outdoor air often are
needed, whereas much smaller quantities of
fresh air usually are essential for the prime ob-
jective of ventilation.

If an interior space has windows that are
openable, the simplest way to ventilate it is to
open the windows. This method, however,
often is impractical or cannot be used (see Sec.
10.6).

When natural ventilation cannot be used, me-
chanical ventilation is necessary. In such cases,
fans are used to draw fresh air into the building
and to distribute the air to interior spaces.
Often, the air is filtered to remove particles in
it before it is distributed within the building.
When it is necessary to ventilate remote or win-
dowless spaces, fresh air can be distributed
through conduits or ducts to those spaces.

In many cases, fresh air can be introduced
directly into interior spaces only in mild
weather. In cold weather, the air must first
be heated, and in hot weather, the air must first
be cooled or the occupants will be made un-
comfortable.

General conditioning of ventilating air may
involve many concerns, depending on the na-
ture of building activities and that of the cli-
mate and general environment outside the
building. In warm climates, where cooling is
generally the more critical problem—instead of
heating—it is usual to combine ventilation and
general thermal conditioning in a single oper-
ation. In very cold climates, however, ade-
quate heating of large masses of cold air is usu-
ally not practical. Hence only the minimum
volume of air required for ventilation is heated.
General building heating in cold climates is
mostly achieved by other means. In many
cases, in fact, unless the building exterior is
very tightly sealed, ventilation in very cold
weather is assumed to be adequately achieved
by the leaking of air into the interior through
cracks around doors and windows and other
construction joints. In the latter case, however,
interior spaces at some distance from the exte-
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rior walls may still need some form of mechan-
ical ventilation.

HVAC Systems

A wide variety of systems are available for heat-
ing, ventilation and air conditioning (HVAC).
Basically, they may be divided into two classes:
central plant and unit.

A central-plant system concentrates heating
or cooling sources in one area to serve a sub-
stantial portion of a building or one or more
buildings.

A unit system has two or more heating or
cooling sources throughout a building.

For example, a house with a furnace in the
basement has a central-plant system, whereas
one heated by a fireplace or stove in each of
several rooms has a unit system. An industrial
building heated with steam from a boiler in a
boiler room has a central-plant system, whereas
a building heated by direct-fired heaters in stra-
tegic locations throughout production and stor-
age areas has a unit system.

The two classes differ not only in sizes and
capacities of equipment required but also in
methods of delivering heating and cooling to
points where needed. Central-plant systems
generally require conduits, pipes or ducts for
distribution of heating or cooling media. Unit
systems, in contrast, usually can supply heating
and cooling directly to the spaces requiring
them. Often, however, central-plant systems
give better distribution and are more economical
to operate, though initial costs may be higher.

Humidity

An important factor affecting human comfort
or, in some cases, a desirable industrial environ-
ment is humidity. Building air almost always
contains humidity, some water in vapor form.
The relative amount of this vapor influences
the comfort of building occupants, depending
on the temperature. In some cases, humidity is
necessary for manufacturing processes and in
other cases, it is undesirable, for example, for
some storage spaces.

When a building is heated, the relative humid-
ity decreases unless moisture is added to the air.
If the air becomes too dry, occupants will be-
come uncomfortable. Hence, it is often neces-
sary to add moisture to building air during the
heating season. '

In hot weather, high humidity will make oc-
cupants of a building uncomfortable. In such
cases, removal of moisture from the air is
desirable.

Consequently, a HVAC system should not
only provide appropriate temperatures within a
building but also control the humidity.

HVAC is discussed in more detail in Chap. 10.

2.9. LIGHTING

Illumination is a necessity in a building. With-
out light, humans cannot see and are unable to
perform many essential activities. Furthermore,
moving about would be hazardous within a
building, because of potential collisions with
unseen objects, the peril of tripping and the
danger of falling down stairs.

Good lighting, for a specific building function,
requires an adequate quantity of light, good
quality of illumination and proper colors. These
characteristics are interrelated; each affects the
others. In addition, effects of lighting are
significantly influenced by the colors, textures
and reflectivities of objects illuminated.

Illumination of a building interior may be
accomplished by natural or artificial means.

Natural illumination is provided by daylight.
It is brought into a building through fenestra-
tion, such as windows in the exterior walls or
monitors or skylights on the roof.

Artificial illumination usually is accom-
plished by consumption of electric power in in-
candescent, fluorescent, electroluminescent or
other electric lamps and occasionally by burn-
ing of candles, or oil or gas lamps. For artifi-
cial lighting, a light source usually is enclosed
in a housing, called a luminaire or lighting fix-
ture, which may also contain devices for di-
recting and controlling the light output.

Electric power is conducted to the light
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sources by wires. Manual switches for permit-
ting or interrupting the flow of electric current
or dimmers for varying the electric voltage to
light sources are incorporated in the wiring and
installed at convenient locations for operation
by building occupants.

Luminaires are mounted on or in ceilings,
walls or on furniture. The fixtures may be con-
structed to aim light directly on tasks to be per-
formed or objects to be illuminated or to dis-

tribute light by reflection off walls, ceilings,

floors or objects in a room. Electric wiring to
the fixtures may be concealed in spaces in walls
or floors or between ceilings and floors or ex-
tended exposed from electric outlets in walls or
floors.

Thus, a lighting system consists of fenestration
(windows, monitors, skylights, etc.), artificial
light sources, luminaires, mounting equipment
for the lighting fixtures, electric wiring, ceil-
ings, walls, floors and control devices, such as
switches, dimmers, reflectors, diffusers and
refractors.  Lighting systems are further dis-
cussed in Chap. 11.

2.10. ACOUSTICS

Acoustics is the science of sound, its produc-
tion, transmission and effects. (Sound and vi-
brations are closely related.) Acoustic proper-
ties of an enclosed space are qualities that affect
distinct hearing.

One objective of the application of acoustics
to buildings is reduction or elimination of noise
from building interiors. Noise is unwanted
sound. Acoustical comfort requires primarily
the absence of noise. In some cases, noise can
be a health hazard; for example, when sound
intensity is so high that it impairs hearing. If
production of noise in a building is unavoidable,
transmission of the noise from point of origin
to other parts of the building should be pre-
vented. Accomplishment of this is one of the
purposes of acoustics design.

Another objective of acoustics applications is
provision of an environment that enhances
communication, whether in the form of speech
or music. Such an environment generally re-
quires a degree of quiet that depends on the
purpose of the space. For example, the degree

of quiet required in a theater may be much
different from that acceptable in a factory.

In many building interior situations a major
concern is for the establishment of some degree
of acoustic privacy. This may relate to keeping
conversations from being overhead by persons
outside some private space, or to a need for
freedom from the intrusion of sounds—the lat-
ter being a form of noise control. Separations
between adjacent apartments, hotel rooms,
classrooms, and private offices commonly
present concern for these matters.

Installations in a building for sound control
may be considered parts of an acoustical system.
But it generally will be more efficient if acous-
tical installations and measures are integrated in
other major building systems or subsystems.
For example, design of partitions, walls, ceilings
and floors should, from the start, have the ob-
jective of meeting acoustical requirements.
Tacking on acoustical corrections after design
or construction has been completed can be
costly and not nearly as effective. Acoustical
design is discussed in more detail in Chap. 12.

2.11. ELECTRIC SUPPLY

Electric power for buildings usually is purchased
from a utility company, publicly or privately
owned. Sometimes, however, batteries or a
generating plant are provided for a building to
supply power for emergency use. Occasionally,
a generating plant is installed for normal opera-
tion. This may be necessary for buildings in re-
mote locations or for industrial buildings with
large or special needs for power that make gen-
eration in their own plants economical or
essential.

In a building, electric power finds a wide
range of uses, including space heating; cooking;
operation of motors, pumps, compressors and
other electric equipment and controls; opera-
tion of electronic devices, including computers;
transmission of communication signals; and
provision of artificial illumination and other
radiation, such as ultraviolet, infrared and X ray.

Electric power is brought from a generating
source through cables to an entrance control
point and often to a meter in a building. From
there, electricity is distributed throughout the
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building by means of additional conductors.
Where needed, means are furnished for with-
drawing electric power from the system for
operation of electric equipment. Also, controls
for permitting flow of electricity or shutting it
off, and devices for adjusting voltages, are pro-
vided at points in the distribution system. In
addition, provision must be made to prevent
undesirable flow of electricity from the system.

Accident Prevention

Even a relatively low-power system such as
that for a small house can deliver devastating
amounts of power. Hence, extraordinary mea-
sures must be taken to insure personal safety in
use of electricity. Power systems must be de-
signed and installed with protection of human
life as a prime consideration.

Also, should electricity be unleashed in un-
wanted places, perhaps as the result of electrical
breakdowns, not only may electric components
be destroyed but, in addition, other severe
property damage may result, including fire
damage. Inindustrial plants, production equip-
ment may be put out of commission. As a
result, replacement and related delays may be
costly. In some cases, merely shutting down
and restarting operations because of an electrical
breakdown may be expensive. Consequently,
safety features must be incorporated in the
power system for protection of property.

For safety reasons, therefore, state and mu-
nicipal regulations have been established to
govern system design and installation. These
regulations often incorporate or are based on
the “National Electrical Code,” sponsored by
the National Fire Protection Association. This
code, as well as the legal regulations, however,
contain only minimum requirements for safety.
Strict application will not insure satisfactory
performance of an electrical system. More than
minimum specifications often are needed.

Electrical Systems

Generally, buildings may be considered to in-
corporate two interrelated electrical systems.
One system handles communications, includ-
ing telephone, video monitoring, background

music, paging, signal and alarm subsystems.
The other system meets the remaining electri-
cal power needs of the building and its occu-
pants.

Both systems have as major elements conduc-
tors for distribution of electricity, outlets for
tapping the conductors for electricity and con-
trols for turning on or shutting off the flow of
electricity to any point in the systems. The
conductors and outlets may be considered parts
of an electrical subsystem; but it generally will
be more efficient if these subsystems are inte-
grated in other major building subsystems. For
example, design of partitions, walls, ceilings and
floors should, from the start, consider these
elements as potential conduits for the electric
conductors and possible housing for outlets.

Electrical systems are further discussed in
Chap. 13.

2.12. VERTICAL-CIRCULATION ELEMENTS

Very important components of multistory
buildings are those that provide a means for
movement of people, supplies and equipment
between levels.

Ramps

A sloping floor, or ramp, is used for movement
of people and vehicles in some buildings, such
as garages and stadiums. A ramp also is useful
to accommodate persons in wheelchairs in
other types of buildings.

Usually, however, a ramp occupies more
space than stairs, which can be set on a steeper
slope. People can move vertically along a much
steeper slope on stairs than on ramps. Stairs,
then, are generally provided, for both normal
and emergency use.

Stairways

A stair comprises a set of treads, or horizontal
platforms, and their supports. Each tread is
placed a convenient distance horizontally from
and vertically above a preceding tread to permit
people to walk on a slope from one floor of a
building to a floor above (see Fig. 2.17). Often,
a vertical enclosure, called a riser, is placed
between adjacent treads. A riser and the tread
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Fig. 2.17. Stairs and floor openings.

above often are referred to as a step. The steps
of a stairway can be made self supporting but
generally are supported on structural members.
Stairs are usually provided with railings along
the sides, for safety reasons.

Where two floors are connected by stairs, an
opening at least as wide as the stairs must be
provided in the upper floor over the stairs to
permit passage to that level. The opening must
extend far enough from the top of the stairs out
over the steps to prevent persons using the stairs
from injuring their heads through collision with
the ceiling, floor or structural members at or
near the edges of the opening. For this pur-
pose, adequate clearance, or headroom, must
be provided between every tread and construc-
tion above.

Structural framing usually is required around
the perimeter of the opening to support the
edges of the floor. Also, railings or an enclo-
sure must be provided to prevent people or
things from falling through the opening (see
Fig. 2.17). The enclosure also may be required
for fire protection.

Escalators

In buildings in which there is very heavy pedes-
trian traffic between floors, for example, de-
partment stores, moving stairs, powered by

electric motors, may be provided for conveni-
ence and rapid movement. Called escalators,
these stairs consist basically of a conveyor belt
with steps attached, motor, controls and struc-
tural supports.

Elevators

For speedier vertical transportation, especially
in tall buildings, or for movement of supplies
and equipment between levels, elevators usually
are installed. They operate in a fire-resistant,
vertical shaft. The shaft has openings, pro-
tected by doors, at each floor served. Trans-
portation is furnished by an enclosed car sus-
pended on and moved by cables (see Fig. 2.182)
or supported atop a piston moved by hydraulic
pressure (see Fig. 2.18b). The cable-type ele-
vator, driven by electric motors, is suitable for
much taller buildings than is the hydraulic type.

Movement of Goods

When elevators are available, they may be used
to move freight to the various levels of multi-
story buildings. For movement of small items,
small cable-suspended elevators, called dumb-
waiters, may be installed. For handling a large
flow of light supplies, such as paper work, ver-
tical conveyors may be provided. Belt convey-
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Fig. 2.18. Elevators. (a) Cable type. (b) Hydraulic.
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ors often are used in factories and storage
buildings for moving goods both horizontally
and vertically.

Vertical circulation elements are discussed in
more detail in Chap. 14.

FOR SECTIONS 2.7 THROUGH 2.12
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Words and Terms

Acoustics Luminaire

Elevator Plumbing

Escalator Ramp

HVAC Stair

Illumination: natural, Ventilation: natural,
artificial mechanical

Significant Relations, Functions and
Issues

Functions of plumbing: supply and waste removal.

Functions of HVAC systems: air change and quality, ther-
mal control.

Aspects of lighting: visual tasks, natural illumination (day-
light), artificial illumination (electrical), components of
lighting systems (power, wiring, fixtures, controls).

Concerns for acoustics: hearing, privacy, noise control,
acoustic isolation, and separation of interior spaces.

Aspects of electrical systems: power source, distribution,
power level control, general flow control (switches, cir-
cuit-breakers, etc.), delivery devices, usage, communi-
cation systems, signaling.

Vertical circulation components: ramps, stairs, elevators,
escalators, devices for movement of goods.

2.13. WHY DRAWINGS ARE NECESSARY

An architect or engineer designing a building
may have a fairly complete picture of the re-
quired structure in his mind, but a mental pic-
ture at best cannot be entirely accurate nor
absolutely complete. Too many items are in-
volved, and there are too many details that are
impossible to design and correlate with mental
pictures alone. Consequently, the designers’
mental pictures must be converted to drawings

on paper, film or cloth, where concepts can be
developed and completed.

Even if architects and engineers were able to
visualize accurately and completely in their
minds a picture of the required building, they
would find it impossible to transmit exactly the
same mental picture to the building owner, con-
sultants, contractors, financiers and others in-
terested in the building. The concepts must be
conveyed from the designers to others con-
cerned through construction drawings, which
make clear exactly what the designers have in
mind for the building.

Construction drawings (also called contract
drawings or working drawings) are picture-like
representations that show how a building that
is to be constructed will appear. They are also
called plans or prints. The latter term refers to
reproductions that are used for study, review,
fabrication and construction, to preserve the
original drawings.

The drawings must show the builders what to
do in every phase of construction. In effect,
they constitute graphic instructions to the
builders. Every detail of construction from
foundations to roof must be indicated, to show
what has to be placed where and how attached.
This must be done in such a manner as to avoid
any confusion or misunderstanding.

2.14. DRAWING CONVENTIONS

Construction drawings have to be made in a size
for convenient handling by those who have to
use them. Hence, elements depicted are usually
shown much smaller than actual size. Also, to
give an accurate depiction of elements and their
positioning in the building, the drawings nearly
always are prepared to scale.

Each dimension of an element on a drawing
bears the same ratio to the actual dimension of
the element as does every other dimension
shown to the corresponding actual dimension.

Drawings, therefore, are miniature as well as
picture-like representations of the building, an
exact reproduction of the building on a small
scale. (Scales are discussed furtherin Sec.2.17.)

Because of the relatively small size of draw-
ings, however, many building components
cannot be shown on some drawings exactly as
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Fig. 2.19. Arrows are used to give dimensions of drawings. (a) Floor plan for a one-room building. (b)
Elevation view of a door. (c) Alternate ways of showing dimensions. (d) The way to show the extent of a

dimension line.

they will look when installed in the building.
Consequently, designers have to use a special
kind of graphic language to indicate the many
items that they cannot actually picture. This
language employs symbols to represent mate-
rials and components that cannot be reproduced
exactly. Note, for example, how windows and
doors are indicated in Fig. 2.19.

2.15. TYPES OF DRAWINGS

Several different types of drawings are required
to show all the information needed for con-
struction of a building. They form a set of con-
struction plans. Following are some of the
types that might be included:

Perspective drawings look like pictures and
often are drawn to show a building owner a pic-
ture of the building before construction begins.

Elevation views show what the exterior of a
building will look like. Usually, four such views
are required for an ordinary building. Elevation
views are discussed further in Sec. 2.18.

Plan views show what a building or its hori-
zontal components, such as floors and roofs,
look like when viewed from above. A typical
architectural plan view shows the building in-
terior and indicates sizes, shapes, and arrange-
ment of rooms and other spaces, doors, win-
dows, toilet fixtures, kitchen equipment, and
other needed information. A structural framing
plan indicates the location, orientation, and
sizes and gives other pertinent information for
floor or roof structural members, such as
beams, girders, and columns. An air-condition-
ing plan gives similar data for equipment, pipes,
and ducts. An electrical plan provides informa-
tion on wiring, power-using equipment, controls,
and outlets that supply electric power. Plan
views are further discussed in Sec. 2.19.

Section views are used to show the interior
construction of various building parts. Section
views are discussed in Sec. 2.21.

Detail views are used to provide required in-
formation about structural assembly, trim, and
various special equipment. Such views often
are given to supply information that cannot be
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shown in the elevation, plan, or section views.
Detail views are discussed in Sec. 2.22.

Survey plans supply information concerning
the site on which a building is to be constructed.
Survey plans are discussed in Sec. 2.23.

Plot plans show where a building is to be
placed on a site, how it is to be oriented in that
location, and how the ground around the build-
ing is to be graded. Plot plans are discussed in
Sec. 2.23.

Originals and Prints

The single set of working drawings prepared by
designers is called an original. This one set
could not normally serve the purposes of all
persons concerned with construction of the
building. It is not practical, however, for the
designers to draw several sets of identical plans.
Hence, to provide the many sets of plans needed,
the original set is reproduced by a duplicating
process. The reproductions are referred to as
prints. (In years past, reproductions were
called blueprints, because they were made with
white lines on a blue background. Now, prints
usually are made with black or brown lines on a
white background.)

2.16. SPECIFICATIONS

It usually is impossible to provide on drawings
all the information necessary for construction
of a building. Some types of information, such
as the type of brick to be used to face a wall or
the type of windows to be incorporated in the
wall, are best provided in written form; but if
such data were to be written in notes on the
construction drawings, they would become so
cluttered and confusing that building construc-
tion would be hindered.

As a result, construction drawings are almost
always accompanied by separate written in-
structions, called specifications. These provide
all information concerning materials, methods
of construction, standards of construction, and
the manner of conducting the work that is not
furnished on the drawings. Thus, specifications

supplement the drawings. Both are equally im-
portant to construction of the building.

Specifications are discussed in Chap. 5, Sec.
5.4.

2.17. SCALES AND DIMENSIONS
ON DRAWINGS

The process of drawing the parts of a building
to a proportionate size that can be contained
on convenient-size sheets of paper is called
drawing to scale. The drawings must be in ex-
act proportion to the actual dimensions of the
components they represent. For example, for
most buildings, the scale used makes the draw-
ings ;lg the actual size. Thus, instead of drawing
a window opening 3 ft wide, the designer draws
it z5 of 3 ft (36 in.), or 3-in. long. Asaresult,
the drawing looks like the full-size component
but is only z the size.

Selection of a scale for a drawing depends
both on the size of the sheet of paper to be
used and the size of the building or components
to be drawn. For an ordinary building, eleva-
tions and plans often are prepared to a scale of
3" =1-0". (One-quarter inch equals one foot.
On construction drawings, prime marks are
used to indicate feet, and double-prime marks
to indicate inches.) For detail drawings on
which types of construction and materials are
shown, 1" =1'0" or 3" =1"0" may be used;
but if detail parts are very small, and an easy-to-
read drawing is desired, 3" =1'0" may be
chosen. Very small scales, such as " =1'0"
and &"=1'-0", are generally used for excep-
tionally large elevation views or for plot and
survey plans, to keep the overall size of draw-
ings within reasonable limits.

Title Block

Each of the several drawings comprising a set of
construction plans is provided with a title block.
It usually is placed at the lower right-hand cor-
ner of the sheet. The title block shows the
name of the building, names of designers, type
of drawing and name of component shown. The
title block also gives other information, such as
scale used, revisions and date revisions were
made. For example, a title block might indi-
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cate in large letters that the drawing shows the
First-Floor Plan. If a single scale were used for
that drawing, that scale might be indicated un-
der the type of drawing; for example, under
First-Floor Plan. If a drawing contains parts
drawn to different scales, each part should have
a title given in large letters directly under it,
and the scale should be indicated under each
title. Title blocks are further discussed in
Chap. 5.

Dimensions

Construction drawings would not permit con-
struction of the building intended by the build-
ing owner and the designers if the drawings
were merely a drawn-to-scale picture of the
structure. They must also show the dimensions
of the building and its parts. Everyone con-
cerned wants to know the length, width and
ceiling height of each room. Builders want to
know the wall thicknesses, foundation depth
and thickness, sizes and locations of window
and door openings, and numerous other size
stipulations. Cost estimators also need to know
sizes because most of the costs they calculate
involve sizes of various materials.

Size or space stipulations on drawings usually
are indicated by a system of lines, arrows, and
numbers, called dimensions.

Despite the scale used for the drawing, di-
mensions give actual or full sizes or distances.

Figure 2.19a shows a plan view of a space en-
closed by four walls. The walls contain four
windows and a door. The drawing was made to
a scale of §" =1"-0". (Reproduction of a draw-
ing in this book is done for illustrative purposes
by a photographic process and is unlikely to be
to the scale indicated.) The drawing shows that
the overall dimensions of the enclosure are 30
ft by 28 ft 4 in. (Feet are denoted by prime
marks, and inches by double prime marks.) Ar-
rows indicate that the wall is 12 in. thick. Win-
dows are 4 ft wide and the door, 3 ft wide.

The limits of each dimension are indicated by
a pair of arrows. An arrow is called a dimen-
sion line (see Fig. 2.19¢). Each arrow termi-
nates at an extension line (see Fig. 2.19d).
Thus, a pair of extension lines shows where each
dimension, indicated by a set of arrows, ends.

Numbers between each pair of arrows give the
actual size or distance between the extension
lines.

Figure 2.19b shows an elevation view that
might be used as a picture-like representation
of a door. This method of showing dimensions
of the door and its parts is typical for doors and
other items for which special millwork is re-
quired. Thus, if a door or other item of other
than stock (standard) size is required, the de-
signer prepares a detail like the one in Fig.
2.19b, to show exactly what he has in mind.
The size of each part of the door can be deter-
mined from the horizontal and vertical rows of
dimensions.

Sometimes, different variations are used for
indicating dimensions. For example, when a
single dimension line with an arrowhead at each
end is used to give a dimension, the number giv-
ing the size may be shown above or alongside
the line. In some cases, arrowheads may be re-
placed by dots.

2.18. ELEVATION VIEWS

An elevation view of an object is the projec-
tion of the object on a vertical plane. Thus, an
elevation view shows what a vertical side of the
object looks like when viewed by someone fac-
ing that side.

To visualize an elevation of a building, imag-
ine that you can stand outside it so as to face
squarely one side of it. The face will appear to
lie in a vertical plane. The image, to scale, of
the building in the vertical plane is an elevation.
Because a rectangular building has four faces, it
also has four elevations.

Figure 2.20a is a perspective drawing of a
one-story house, on which the four directions
in which the walls face are indicated as north,
south, east and west. Thus, the house will have
four elevations correspondingly named, as shown
in Fig. 2.20b to e.

West Elevation

Imagine that you are standing at a distance
from the building and facing its west side
squarely. You will then see the west elevation
(see Fig. 2.20b). It was drawn by projecting
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Fig. 2.20. Isometric and four elevations of a one-story house.

the west sides of the building on a vertical
north-south plane.

The roof areas marked 6 and 8 on the eleva-
tion are the same areas shown in the perspective
marked 6 and 8. The chimney area, labeled 7
on the elevation, is the same as the chimney
side marked 7 in the perspective. Similarly, the
roof points marked e and f are identical in both
perspective and west elevation. The doors and
windows labeled 1, 2,4 and 5 also are the same
in perspective and elevation. Points @ and ¢, at
ground level, appear close together in the eleva-
tion, though they are shown relatively far apart
in the perspective.

The wall marked 14 in the perspective and
shown in the north elevation (see Fig. 2.20e)
does not appear as an area in the west elevation,
because the wall is perpendicular to the plane
of projection. Instead, wall 14, when viewed
from the west, is seen as a vertical line and thus
is indicated by a vertical line above a on the
west elevation.

East, North and South Elevations

The east elevation is obtained much like the
west elevation, by projecting the east sides of

the building on a vertical north-south plane. But
the view is drawn as seen from the east (Fig.
2.20d).

Similarly, the north and south elevations are
drawn by projecting the north and south sides,
respectively, on a vertical east-west plane. For
the north elevation, the north sides are viewed
from the north (see Fig. 2.20e). For the south
elevation, the south sides are viewed from the
south (see Fig. 2.20c).

Note that no dimensions are shown in any of
the elevations in Fig. 2.20. In an actual con-
struction drawing, dimensions of the walls and
openings in them would have been given.

2.19. PLAN VIEWS

A plan view shows what the interior of a build-
ing looks like when viewed from above. While
an elevation view is actually a projection on a
vertical plane, a plan view is a projection on a
horizontal plane. For a floor plan, the view is
usually obtained by making an imaginary hori-
zontal cut through the building and then pro-
jecting the exposed parts on a horizontal plane.
For a roof plan, however, visualizing a hori-
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zontal cut is generally unnecessary, because
roofs are exposed to view from above.

Several types of plan are used for construc-
tion of a building. When a plan is drawn to
show the size, shape and location of rooms, it is
called a floor plan. When a plan shows the
structural framing supporting the floor, the
view is called a floor framing plan. Similarly,
other plan views may show ductwork for
HVAC, electric equipment and wiring, and
other information.

To visualize a plan view, imagine that the
building is cut horizontally and the top is re-
moved so that you can look straight down at
the cut surfaces. These surfaces and the floor
below will appear to lie in a horizontal plane.
The image, to scale, of the lower part of the
building is a plan view. (In some cases, the view
may be drawn as seen from below; for example,
for a ceiling plan, to show lighting fixtures and
air-conditioning outlets.)

Figure 2.21a is a perspective of a one-story
office building, containing a reception room,
office and toilet (water closet, w.c.). Imagine
the structure cut through horizontally, as indi-
cated by the dashed line from x to y, asif by a
large saw. Imagine also that the top part can be
lifted so that you can look down squarely at
the surfaces cut along the lines abcdef (see Fig.
2.21b). The cut surfaces, shown in heavy black,
and the floor between them, shown in white,
constitute the plan view of the ground (first)
floor (see Fig. 2.21¢). Doors, windows and
rooms, as well as partitions and exterior walls,
are all shown.

Note that no dimensions are given for the
floor plan in Fig. 2.21. In an actual construc-
tion drawing, dimensions of walls, openings in
the walls and rooms would have been given.

For a multistory building, a plan view would
be drawn for each floor, including basement, if
present, and roof.

Cut surfaces are not always represented by
heavy black lines. Often, it is desirable to show
the boundaries, in detail, of a cut object. In
those cases, the cut surfaces may be indicated
by a symbol. One commonly used symbol is
cross hatching, closely spaced light lines, gen-
erally drawn at a 45° angle with a main bound-
ary. Sometimes, the symbol selected represents
a specific material, such as brick or concrete.

2.20. LINES

Designers use different types of lines on draw-
ings. Each type of line is applicable to a specific
purpose.

Solid lines usually represent edges of objects.

Short dashes are used to indicate invisible
edges, boundaries covered by a part shown in
the view being drawn. For example, in the per-
spective in Fig. 2.22a, which shows the exte-
rior of a building, a dashed line indicates the
location of the ceiling, because, in that view,
it is hidden by the exterior wall.

Dash-and-dot lines, made up of alternating
long and short dashes, generally are used as a
centerline. This is a line drawn to mark the
middle of a building or a component. A cen-
terline, in addition, is labeled with an inter-

EAST

lul

Fig. 2.21. Guide to visualization of a plan view. (a) Making a horizontal cut through a building. (b) Removing

the part above the cut. (c) Floor plan of the building.
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Fig. 2.22. Guide to visualization of a vertical sec-
tion. (a) Making a vertical cut through a building. (b)
Vertical section of the building.

secting ¢ and L. This representation is used for
the centerline of the construction, called a truss,
in Fig. 2.23.

A heavy line, made up of long dashes, often
is used to indicate where a building is to be
imagined cut to obtain a view, called a section.
(The plan views discussed in Sec. 2.19 are hor-
izontal sections.) Arrows are drawn at the ends
of a section line to indicate the direction in
which to look to obtain the view. Note that sec-
tion lines need not be continuous, straight lines
but may have abrupt changes to show, in one
view, different cuts or levels.

Broken solid lines, with a wavy break at inter-
vals, are used to indicate that parts of a drawing
have been omitted or that the full length of
some part has not been shown. Such lines are

used along the right side of the truss in Fig.
2.23 to show that almost half the truss has been
omitted from the drawing.

2.21. SECTIONS

Seldom do elevation and plan views alone show
sufficient information to enable a builder to
determine exactly how the various parts of a
building are to be assembled and connected.
For example, an elevation view in Fig. 2.20
shows at what height above ground a window is
to be set, while the corresponding floor plan
would show how far the window is to be placed
from one end of the wall. Also, the specifica-
tions for the building would define the materials
and their quality to be used for the window.
There are, however, many good ways of con-
structing such a wall and window, and some
undesirable ways. Unless the builder is shown
exactly what the designer has in mind, a type of
wall may be built that will not please the de-
signer. To preclude such an event, designers
provide additional drawings, called sections.

A section shows the interior construction of a
part of the building. This type of drawing indi-
cates how various structural components are to
be assembled and connected. Usually, sections
are drawn to a larger scale than plan and eleva-
tion views, because sections are intended to
show more detail.

In the explanation of how to visualize a plan
view, you were asked to imagine a building to
be cut through horizontally. A plan view actu-
ally is one type of section. In general, however,
to obtain a section needed for specific illustra-
tive purposes, a designer may imagine the
building cut through at any angle. Usually,
however, sections are taken horizontally, verti-
cally or sometimes perpendicular to an inclined
surface. This is convenient for drawing pur-
poses, because building parts, such as floors
and walls are horizontal and vertical, respec-
tively, and structural parts used in inclined sur-
faces, such as the framing in sloping roofs,
generally are perpendicular to each other.

To visualize a vertical section, for example,
imagine a building or one of its parts cut through
vertically and one part removed so that you can
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look squarely at the cut surfaces of the remain-
ing portion. The image, to scale, of the remain-
ing portion is a section view; that is, a vertical
section is a projection on a vertical plane of
the parts exposed by a vertical cut.

Figure 2.22a shows a perspective of a small,
one-story building. Imagine that the structure
can be cut through vertically along the lines be-
tween x and y. The dashed line fg shows the
path of the cut, which goes through an opening
for a door. Imagine now that the part of the
building labeled m is moved away so that you
can look squarely at the cut surfaces of the n
part. Figure 2.22b shows the resulting section
view.

The door is not shown in this view, because it
is imagined not installed at the time of cutting.
The cut surfaces in this drawing are shown in
black, but the doorway is left white, because no
surfaces were cut.

In section views, including plans, cut surfaces
usually are indicated by some symbol. In Figs.
2.21c¢ and 2.22b, the cut surfaces are shown in
solid black. Sometimes, however, use is made
of a symbol that represents the material that
has been cut. For example, concrete generally
is represented by small triangles in a matrix of
dots; plaster by dots; brick by closely spaced
lines at a 45° angle with the horizontal lines of
a drawing; and other materials by similar con-
ventional symbols.

If the designer does not intend to indicate a
specific material, he may use cross hatching,
closely spaced lines at a 45° angle. For differ-
ent but adjacent parts, cross hatching is sloped
in opposite directions, to distinguish the parts.

Symbol lines are drawn much lighter than
lines representing edges.

The vertical section in Fig. 2.22b does not
give any dimensions. In an actual construction
drawing, dimensions would be shown for all
the parts in the section.

2.22. DETAILS

A detail view supplies information about struc-
tural assembly, trim, and various special equip-
ment that cannot be given in elevations, plans,
or full-building sections. This has largely to do
with the scale of drawings. For example, ele-

vations, plans, and full-building sections are
usually drawn at 41 in. equals. one ft (1:48) or
smaller, so that they will fit on a reasonably
sized sheet when printed for use. Details, on
the other hand, especially when drawn of very
small portions of the whole building, can be
drawn as large as full size—although scales of
1:4 (3 in. equals one ft), 1:8 (1.5 in. equals
one ft), or 1:16 (0.75 in. equals one ft) are
more often used.

Many details are drawn as vertical sections,
although any form of drawing can be made
large in size for explanation of particular de-
tails of the assemblage or the form of individ-
ual parts. In some cases, where ordinary ortho-
graphic projection (x-y-z, right angle views,
such as plans, elevations and vertical sections)
does not fully suffice to explain the assem-
blage, isometric or even perspective views may
be required for clarity.

Details views may generally be classified as
placement or assembly types. Placement de-
tails are used to show the desired arrangement
of objects in the finished construction. Plans
and elevations are of this class, and detail plans
or elevations may be used to explain objects in
greater detail, such as the arrangement of fix-
tures in a bathroom or the details of a single
window. Assembly details are used to explain
individual components (such as parts of the
structural system or the piping system). Figure
2.23a is an example of an assembly detail, il-
lustrating how a wood truss for the roof fram-
ing of a house is to be assembled. The drawing
shows a partial elevation of the truss. As the
truss is symmetrical, it is not necessary to show
the whole truss for the purposes of the detail
assembly drawing.

For detail drawings it is common to show
only just as much of the whole part as is nec-
essary to clarify the desired detail information.
Specifications would establish the type of wood
and other detailed information on materials,
construction tolerances, and so on. Notation on
the detail view should be limited to the identi-
fications and dimensions that are specifically
required to clarify the work. General building
dimensions should be indicated on plans, ele-
vations or full-building sections, and detailed
material information should be given in the
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Fig. 2.23. Construction detail drawings. (a) Elevation of a truss. (b) Exploded view of a truss joint—joint E
in the truss in (a). (c) Comprehensive architectural detail section, incorporating joint E of the truss.

specifications. Repetition of such information
allows for the possibility of confusion and con-
flict when the information does not agree in
different locations due to error.

The exploded isometric view of Joint E,
shown in Fig. 2.23b, more clearly indicates the
form of the parts and the assembly of the joint;
for example, the fact that there are gussets on
both sides of the joint. The note on the drawing

actually calls for this, but the isometric view
drives the idea home.

Some of the most important drawings for
building construction are the detail sections of
the form shown in Fig. 2.23c. These show the
complete construction assemblage, with ar-
rangement of parts and the identities of the in-
dividual materials made as clear as possible.
For persons trained to read such drawings, they
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are very informative. Standardized graphic
symbols are used to indicate materials and the
notation uses terms carefully chosen to agree
with those used elsewhere on the construction
drawings or in the specifications.

While the comprehensive detail section in
Fig. 2.23c is most useful for understanding the
total nature of the construction, the forms of
individual parts are often obscured by the com-
plexity of such views. Thus, to explain the truss
assemblage—although the truss appears in par-
tial view in Fig. 2.23c—it is really necessary
to remove the truss and show it alone in the
views in Figures 2.23a and b. For the workers
who perform the single task of making the
trusses, this is useful and sufficient. For this
reason, the full set of building construction
contract drawings normally contains both fully
detailed architectural drawings and separate
drawings showing only the structure, or the
electrical components, or the plumbing, and so
on.

2.23. SURVEY AND PLOT PLANS

Before land is purchased, the purchaser should
have a land surveyor survey the lot, for several
reasons. One reason is that the survey will indi-
cate the exact boundaries of the lot. Another
reason is that most municipalities require a
survey plan of a lot for establishment of owner-
ship. Such a plan also is required by a bank
before it will make a loan for land purchase or
building construction. In addition, a survey
plan is needed by architects and engineers for
analysis of the property, to determine location
of buildings, access roads, walks, parking lots
and equipment.

A survey plan shows how a building site looks
when viewed from above. The plan should
show boundaries and exact dimensions and give
elevations (heights) of the land. Also, the draw-
ing should show boundary streets and highways;
utilities available, such as water, gas and elec-
tricity; directions of the compass; and topo-
graphic features, such as trees, brooks and lakes.
Survey plans are usually drawn to a scale of
0.1"=1.0"

Figure 2.24 shows a survey plan for a city
lot. The drawing indicates that the northern

border of the lot is an avenue in which there
are a water main and two sewers. The drawing
also shows that the lot is rectangular, 98 x 158
ft in size, and contains several trees.

The proposed building is not shown on a sur-
vey plan but instead is drawn on a separate
drawing, called a plot plan. Developed from
the survey plan, the plot plan also is a view of
the building site from above; but the plot plan
is used to show the location and orientation of
the proposed buildings on the lot. This plan
should also indicate how the grounds around
the buildings are to be graded and where walks,
parking lots and storage areas are to be located.
In addition, it should provide other information
that builders need before they can stake out the
buildings and excavate for foundations. Plot
plans are often drawn to a scale of L" = 10",

Figure 2.25 shows a plot plan developed from
Fig. 2.24 to show the location of a house to be
built on the lot. The area covered by cross
hatching (closely spaced 45° lines) represents
the house. The drawing indicates that the fin-
ished floor level of the building must be at El-
evation 277. The front of the house is to be 20
ft from the northern boundary. The driveway is
to be 18 ft wide, and the sidewalk between
porch and street, 4 ft 9 in. wide. Steps are
shown between porch and sidewalk.

Lines

On survey and plot plans, boundaries are repre-
sented by a line consisting of a repeated set of a
long dash and two short dashes. Land elevations
are indicated by curved lines, called contours,
drawn somewhat lighter than boundary lines.
Utilities, such as sewers and water mains, are
represented by dashed lines. Solid lines are
used to indicate internal boundaries, such as
those of buildings and walls. Various symbols
are used to represent topographic features, such
as trees, swamps and waterways.

Elevations

Heights of points on a building site are deter-
mined relative to a datum, or reference level,
established by the municipality or other legal
authority. The datum is assigned a specific el-
evation, such as 0 or 100 ft.
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For convenience in surveying, other points of
known elevation, relative to the datum, may be
established in the region. These are known as
bench marks. A bench mark 20 ft above a da-
tum of 100 would be assigned an elevation of
100 + 20, or 120 ft. A bench mark 10 ft below
this datum would be given an elevation of 100
— 10, or 90 ft. From bench marks, surveyors
determine with their instruments the elevations
of various points on a building site. These
points are used to plot contours.

A contour is a curved line that connects all
points of the same level. For convenience, a
contour may be imagined as the waterline that
would be formed on the shore if a lake were to
be created at the site with water up to the level
assigned to the contour. For example, with the
datum assigned an elevation of 100 ft, a con-
tour marked 100 connects all points on the site
that are at the same elevation as the datum. A
contour marked 150 connects all points that are
50 ft above the datum.

The closer contours are, the steeper is the
slope of the land. Note that contours can meet
only at a vertical cliff.

In Figures 2.24 and 2.25, elevations are
shown relative to a datum of 100. Thus, the
contour marked 276 is 176 ft above the city da-
tum. Contours are drawn for 1-ft intervals of
elevation. (If the property were to be flooded
by a lake to the 276-ft level, the 276 contour
would represent the waterline along the shore
throughout the site. Each time the lake were to
be lowered 1 ft, the waterline would lie along
another contour.) Between contours, elevations
are given in tenths of a foot to indicate the
heights of topographic features, such as trees.

The plot plan in Fig. 2.25 indicates that a fill
is required on the south side of the house. The
boundary of the fill is represented by the dashed
line 28 ft from the terrace.
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EXERCISES, CHAP. 2

The following questions and problems are pro-
vided for review of the individual sections of
the chapter:

Section 2.1

1. Name the following basic building ele-
ments:
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(a) A horizontal structural member that
supports a deck above ground.

(b) A vertical wall that prevents earth from
coming into a basement.

(¢c) A horizontal element that keeps a
foundation wall from sinking into the
ground.

What are the purposes of the following

building elements?

(a) Roof

(b) Windows

(c) Partitions

(d) Doors

(e) Chimney

(f) Plumbing

. Describe two different ways of providing

light inside a building.

Section 2.2

4.

10.

11.

What are the purposes of:
(a) floor covering?
(b) ceilings?

. Where are joists used and for what pur-

pose?

The weight of a subfloor, floor covering,
and ceiling as well as loads from people
and furnishings are supported on a set of
beams. What may be used to support the
beams?

. From what source of information should

you obtain the fire rating required for an
interior wall of a building?

. A floor system has been tested and as-

signed a fire rating of 2 hr. What does this
signify?

How is the fire rating of a building com-
ponent determined?

How can a wood beam be made fire re-
sistant?

Describe two methods for protecting a steel
beam from fire.

Sections 2.3 and 2.4

12.

Describe the purposes of:

(a) A roof

(b) Roofing

(c) Thermal insulation incorporated in a
roof system

(d) Rafters

13

14.

15.

16.

17.
18.

19.

. What is the main purpose of an exterior
wall?

Why are exterior walls usually a combi-
nation of different materials?

What is the primary difference between a
curtain wall and a bearing wall?

How does unit masonry construction differ
from:

(a) Panel construction?

(b) Framed construction?

Where is a lintel used?

Describe three important functions of a
window.

What provision is made in a wall opening
to receive a window?

Section 2.5

20.

21.

22.

23.

What are the major purposes of interior
walls?

What prevents a door that is being closed
from swinging past the wall opening?
Builder’s hardware is classified either as
finishing or as rough. Which type are the
following?

(a) Doorknob

(b) Locks

(¢) Nails

(d) Hinges

(e) Windows sash balances

What are the usual means of directly sup-
porting a door?

Section 2.6

24,

25.

26.

27.

28.

What types of members are used in skele-
ton framing?

What is the purpose of the following?

(a) Column

(b) Girder

(c) Bracing

(d) Rigid connection

(e) Foundation

Why is it desirable that footings be placed
below the frost line?

What must be done for safety reasons be-
sides just transmitting building loads to the
ground?

For what soil conditions are the following
suitable?

(a) Spread footings
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(b) Mat
(c) Piles

29. Describe some methods of protecting
beams from fire.

Section 2.7

30. What is the purpose of water supply
plumbing?

31. Why must gas plumbing be a sealed sys-
tem?

32. What is the purpose of wastewater plumb-
ing?

33. Why is the presence of both water-supply
plumbing and wastewater plumbing in a
building a potential health hazard?

34. What consideration should be given to
water-supply and wastewater disposal in
selection of a site for a building?

Section 2.8

35. Why is ventilation necessary?

36. Why is mechanical ventilation used?

37. What effect on relative humidity does
heating of air have?

38. Why is it desirable to add humidity to a
building when it is heated in cold weather?

39. What effect does humidity have on build-
ing occupants in hot weather?

40. Describe briefly the two types of HVAC
systems.

Section 2.9

41. What are the three factors that determine
good lighting?

42. Why should color of emitted light be con-
sidered in selection of a light source?

43. What are the two methods used for illu-
mination of the interior of a building?

44. Explain why walls, floors and ceilings
should be treated as parts of the lighting
system.

Section 2.10

45. When does sound become noise?
46. Which requires greater sound control: an
office building or a factory? Why?

47. Why should acoustics be considered in de-
sign of ceilings, walls and floors?

Section 2.11

48. How is electricity distributed in a build-
ing?

49. Why is placement of electrical conductors
within walls, floors or ceilings desirable?

50. What should controls do in an electrical
distribution system?

51. Why is safety a prime consideration in de-
sign of an electrical system?

Section 2.12

52. Define a ramp.
53. What advantages do:
(a) Stairs have over ramps?
(b) Elevators have over escalators?
54. What effect on the slope of stairs does the
following have?
(a) Decreasing the width of the treads with
no change in risers.
(b) Decreasing the height of risers with no
change in the treads.
55. What is the purpose of headroom?
56. Describe two commonly used methods for
propelling elevator cars.
57. What is the purpose of a dumbwaiter?

Sections 2.13t0 2.15

58. What is the purpose of construction draw-
ings? Of specifications?

59. Give two reasons why drawings are drawn
to scale.

60. Why are symbols necessary for construc-
tion drawings?

61. How does a perspective drawing of a
building differ from an elevation view of
the same building?

62. What does a floor plan show?

63. What does a section view show?

64. In what views in construction drawings
would you find information on each of the
following?

(a) Height of windows above a floor
(b) Arrangement of rooms
(c) Location of doors in partitions
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(d) Arrangement of floor beams for the
second floor of a building
(e) Construction of window framing
65. How does a survey plan differ primarily
from a plot plan?

Sections 2.16 and 2.17

66. What information do specifications pro-
vide?

67. Why are specifications necessary?

68. How can you tell what scale was used for
a drawing?

69. What distance is represented by a line
2-in. long when the scale is:
(@) 3in. = 1 ft?
(b) gin. = 1 ft?
(¢) 3in. = 1 ft?

Section 2.18

70. How is the elevation view of the side of a
building facing northeast obtained?

71. In Fig. 2.20, in what elevation would you
look to find:
(a) The number of windows in wall 14?
(b) The location of garage door 1?
(c) Material used for the outer facing of

wall 16?

Section 2.19

72. How is a floor plan of a building obtained?

73. How is a ceiling lighting plan obtained?

74. In Fig. 2.21, what information is given by
the floor plan that is not given by the iso-
metric or any of the elevations?

Section 2.20

75. What type of line should be used in an el-
evation to represent an opening for a win-
dow in a wall?

76. What type of line should be used to rep-
resent in a floor plan the opening in a par-
tition for a door?

77. What type of line should be used in an el-
evation to show where a cut is to be made
for a ceiling plan?

78. What are the edges of the foundations in
Fig. 2.22a represented by dashed lines?

Sections 2.21 and 2.22

19.
80.
81.

How is a vertical section obtained?

How is a horizontal section obtained?

In Fig. 2.22, what information is given by
the vertical section that is not provided by
the isometric or the elevations?

82. Why is a detail usually drawn to a large
scale?

Section 2.23

83. Can contour lines cross? Explain your an-
swer.
84. In Fig. 2.24:
(a) What utilities are available close to the
lot?
(b) What is the frontage along the avenue
of the lot?
(c) What part of the lot is steepest?
(d) Is the northern part of the lot flat or
steeply sloped?
() How far is the storm sewer from the
north property line?
85. In Fig. 2.25:
(a) How far is the west side of the house
from the west boundary line?
(b) What is the elevation of the garage
floor?
(c) How far above the ground is the fin-
ished floor at the northeast and north-
west corners of the building?



Chapter 3

Systems Design Method

Building design, being as much an art as a sci-
ence, requires creativity, imagination and judg-
ment. These talents can be inspired and assisted
by systems design to produce better and less
costly buildings. The big advantage of systems
design over traditional building design is that
systems design marks clearly the precise path
for production of optimum results.

In Sec. 1.3, systems design is defined as the
application of the scientific method to selection
and assembly of components or subsystems to
form the optimum system to attain specified
goals and objectives while subject to constraints
or restrictions. The scientific method requires
observation and collection of data, formulation
of an hypothesis and testing of the hypothesis.

Section 1.3 also points out that the systems
design procedure requires three essential steps:
analysis, synthesis and appraisal. The purpose
of analysis is to indicate what the system is to
accomplish. Synthesis is the formulation of a
system that meets objectives and constraints.
Appraisal evaluates systems performance and
costs. To insure cost effectiveness of compo-
nents, value analysis is included in the ap-
praisal phase. Value analysis investigates the
relationship between life-cycle costs and the
values of a system, its components and alterna-
tives to these, to obtain the lowest life-cycle
cost for acceptable system performance. In
practice, these steps may overlap.

In this chapter, the systems design method is
explored in detail. Chapter 4 discusses the
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practical application of the method to building
design.

As proposed in this chapter, systems design is
applicable to the whole building as a system, to
each of its systems and subsystems, and to com-
ponent systems. The method requires that, at
the start, the characteristics required of the sys-
tem be described. Then, a system with these
characteristics is developed. Various methods
may be used to refine the system, to attain ac-
ceptable performance at least life-cycle cost,
or the best performance for a given cost, or
some intermediate performance and cost. Next,
value analysis is applied to see if costs can be
reduced. Alternative systems are investigated in
a similar manner. Finally, all systems are com-
pared and the optimum system is chosen.

Execution of the method is expedited by the
use of models. These are discussed in Sec. 3.1.

3.1. MODELS

As used in systems analysis, a model is a repre-
sentation of an actual system for the purposes
of optimization and appraisal. A prime requisite
for a model is that it be able to predict the
behavior of the system within the range of
concern.

For each condition imposed on the system
and each reaction of the system to that condi-
tion, there must be a known corresponding
condition that, when imposed on the model,



evokes a determinable response that corre-
sponds to the system reaction.

The correlation need not be perfect but should
be close enough to serve the purposes for which
the model is to be used.

For practical reasons, the model should be a
simple one, consistent with the role for which it
is chosen. In addition, the cost of formulating
and using a model should be negligible com-
pared with the cost of assembling and testing
the actual system.

A model may be formulated from among a
wide range of possibilities. A system or a typi-
cal portion of it, for instance, may serve as its
own model. For example, a few piles for sup-
porting a foundation are sometimes driven full
depth into the ground and then tested in place
with gradually increasing loads to determine
their safe load-carrying capacity. The data ob-
tained in the test are used to establish the safe
loads for other piles to be driven nearby under
the same soil conditions.

Sometimes, a model may be essentially a
replica of a system to a small scale. For ex-
ample, a model sometimes is constructed about
%6 or less the size of an actual building for tests
in a wind tunnel to determine the effects of
wind on the building or of the building on air
movements.

But many other models are possible and can
be used in systems analysis. A model, for ex-
ample, may be a set of mathematical relation-
ships, graphs, tables or words. Regardless of
form, however, a model, to be useful, must be-
have like the real system. Consequently, a
model should be tested continuously during its
formulation for correlation with the real system.

Types of Models

Despite the variety of models that may be used
in systems analysis, models may be classified as
one of only three types: iconic, symbolic or
analog.

Iconic models bear a physical resemblance to
the real system. They differ from the real sys-
tem in scale and often are simpler. The previ-
ously mentioned models of buildings used in
wind tunnel tests are iconic.
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Symbolic models represent by symbols the
conditions imposed on the real system and the
reactions of the system to those conditions.
With such models, the relationships between
imposed conditions and reactions, or perfor-
mance, can be generally, and yet compactly,
represented. For example, the maximum safe
load on a steel hanger can be represented by
P=AF, [k, where P is the load, kips (thousands
of pounds); A4 is the cross-sectional area of the
hanger, sqin.; Fy, is the yield strength of the
steel, ksi (kips per sqin.); and k is a load factor
that provides a safety margin. Symbolic models
generally are preferred for systems analysis
when they can be used, because they take less
time to formulate, are less costly to develop
and use, and are easy to manipulate.

Analog models are real systems but with phys-
ical properties different from those of the actual
system. If mathematical formulas could be
written to represent the behavior of a system
and its analog, the formulas would be identical
in form, although the symbols used might be
different. For example, a slide rule is an analog
model for representing numbers by distances.
When lengths on a slide rule are made propor-
tional to logarithms of numbers, addition of
lengths on a slide rule is equivalent to multipli-
cation of the corresponding numbers. Similarly,
electric current can be used to determine heat
flow through a metal plate; a soap membrane
can be used to determine torsional stress in a
shaft; and light can be used to determine bend-
ing stresses in a beam.

It sometimes may be necessary to represent a
system by more than one model. The models
in such cases may be used in combination, much
like a set of simultaneous linear algebraic equa-
tions; or they may be used in sequence, the
output of one model serving as the input of
another.

Regardless of the type of model, systems and
models must meet the following conditions:

1. It must be possible to construct the model
from a knowledge of the known character-
istics of the system. Only those known
characteristics that are essential, however,
need be considered. Many properties of a
model or system may be irrelevant.
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2. It must be possible to predict the response
of the system from a knowledge of the re-
sponse of the model.

3. Accuracy of the response of the system
obtained by use of the model must be as-
sured, through tests of the model, to be
within acceptable tolerances. The tests
may be made physically or by mathemati-
cal computations, or both.

Elements of a Model

A model relates imposed conditions, which usu-
ally can be expressed numerically and hence
can be represented by variables, and correspond-
ing responses, which also usually can be ex-
pressed numerically and can be represented by
variables. Sometimes, the variables are known
within reasonable accuracy with certainty; that
is, they are deterministic. Often, however, only
a probable value of each variable can be as-
sumed; that is, the variables are random. The
variables of concern in building design and their
relationships, however, are usually so intricate
that it is impractical to treat them as random,
with probabilistic or statistical methods. Hence,
variables usually are treated as if they were
deterministic, sometimes assigned a mean value,
sometimes an extreme value and often what is
considered, by consensus, an acceptable value.

Variables representing imposed conditions
and properties of the system usually may be
considered independent variables. These are of
two types:

1. Variables over which the designer has com-
plete control: x;,x5,x3,. ..
2. Variables over which the designer has no

control: y1,¥2,V3,- - -

Variables representing the response or per-
formance of the system may be considered de-
pendent variables: 7,,2;,23. . . . They are
functions of the independent variables.

These functions also contain parameters, such
as coefficients, constants and exponents. When
a form of model is selected, these parameters
have to be set to match the response of the real
system; that is, the model must be calibrated.

As an example, consider a symbolic model
representing the cost of operating a heating sys-

tem for a building. Assume that the shape of
the building and the material in the exterior
walls have been determined. Then, the cost can
be shown to be a function of wall thickness
and difference between interior and outdoor
temperatures:

C=f(t.T:.T,) (3.1)

where

C = cost of heating

t = wall thickness
T; = indoor temperature
T, = outdoor temperature

C is the dependent variable, the response of
the system that the designers are interested in
determining. T; in this case is a parameter, a
design value established for the comfort of
building occupants. T,, although actually a
random variable, may be taken as the expected
value for the location of the building, date and
time of day. In any event, T, is an uncontrol-
lable variable. In contrast, ¢ is a value that can
be chosen by the designer and therefore is a
controllable variable.

In Sec. 3.8, where the various steps of systems
design are discussed, one step is given succinctly
as “Model the system and apply the model.”
This step, however, requires several actions,
illustrated in Fig. 3.1:

1. Formulation of a model and its calibration,
setting of values for the parameters.

2. Values have to be estimated for the uncon-
trollable variables.

3. Values have to be determined for the con-
trollable variables from constraints and
conditions for optimization.

4. Finally, the sought-after response of the
system can be found, from the relation-
ship of the variables, through use of the
model.

Cost Models

Costs are such an overriding consideration in
design and construction of many buildings that
cost models deserve special attention. They are
discussed briefly in the following paragraphs
and other parts of the book.



1

Select a Model to Represent the System
for Optimization and Appraisal

L

2

Estimate Values
of Uncontrollable Independent Variables

I}

3

Determine Values
of Controllable Independent Variables
for Optimum Results

N

4

Determine Values
of Dependent Variables
(Predict Performance and Costs)

Fig. 3.1. Steps in ‘’Model the system and apply the
model.”’ See Fig. 3.4.

As indicated in Chap. 1, during the various
design phases, concepts are generated, changed,
developed and then worked out in detail. In
the early design stages, systems and some com-
ponents may be selected tentatively, and sys-
tems and subsystems may be specified only in
general form. With the considerable uncertainty
that exists in those stages, reliability of cost
estimates is not likely to be good. Cost models
used in those stages, therefore, may be very
simple. For example, at a very early stage, cost
C of the whole building may be represented by

C=Ap (3.2)

where

A = floor area, sq ft, provided in the building
p = unit cost, dollars per sq ft

The unit cost may be based on past experience
with similar buildings.

Equation (3.2) may be interpreted differently
for specific buildings. For example, for a school,
A may be taken as the number of pupils and p
as cost per pupil. For a hospital, 4 may be
chosen as the number of beds and p as cost per
bed. Similarly, for an apartment building, 4
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may be selected as the number of apartments

and p as cost per apartment.
As design advances, more information be-

comes available- for cost estimating. The reli-
ability of cost estimates can then be improved.
At some design stage, for example, building
cost C can be expressed as the sum of the cost
of its systems:

C=Ap,+Apa* - -+ App, = Z4;p; (3.3)

where

A; = convenient unit for the i-th system
p; = cost per unit for the i-th system

As design develops further, still more infor-
mation becomes available. Even greater reliabil-
ity is feasible for the cost estimate. Building
costs may still be expressed as the sum of the
costs of the systems, but those costs should
then be given with greater accuracy than ob-
tained with the terms in Eq. (3.3). For exam-
ple, system costs may be expressed as the sum
of subsystem costs, with those costs in the gen-
eral form of Eq. (3.2). In that case,

where

A; = convenient unit for the j-th subsystem
pj = cost per unit for the j-th subsystem

Eventually, enough information becomes
available that costs may be estimated in detail,
as a contractor would do in preparing a bid.
The cost of systems may then be obtained as
the sum of the purchase price of components
delivered to the site, wages for construction
workers, handling and construction equipment
costs, and contractor’s overhead and profit.

Similar cost models may be formulated for
maintenance and operating costs for a building.

Optimization

Optimum means best. Optimization, therefore,
is the act of producing the best.

In systems design, the objective is to find the
single best system. If there is only one criterion,
such as least cost, for judging which system is
best, it may be feasible to generate a system
that is clearly better than all others, but if there
are more than one criterion, for example, least
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cost and best performance, then an optimum
solution may or may not exist. Hence, in es-
tablishment of objectives for a system, if opti-
mization is desired, preferably only one crite-
rion for selection of the best system should be
chosen.
This criterion may be expressed in the form:

Optimize z, = f, (x;,%5, *

“yiy2 o) (3.5)

where

z, = dependent variable to be optimized (max-
imized or minimized)

x =controllable variable, identified by a
subscript

y = uncontrollable variable, identified by a
subscript

fr = the objective function.

The system, however, generally is subject to
one or more constraints; for example, a build-
ing code may specify a minimum thickness or a
minimum fire rating, or building geometry may
require a minimum clearance, thus imposing
limits on system dimensions. These constraints
may be expressed in the form

fl(xlax2, tr 'yl9y29 T )>0

fo(x1,%2, - - " y1,¥2, + )20

u(X1,%2, 5 y1,02, - )20 (3.6)
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Thus, Egs. (3.5) and (3.6) must be solved simul-
taneously to produce the optimum solution.
The solution yields values of the controllable
variables x as functions of the uncontrollable
variables y, which, when substituted in Eq.
(3.5), optimizes z,.

Many techniques are available for finding a
solution. Sometimes, calculus can be used.
When Egs. (3.5) and (3.6) are linear, linear
programming can be used. When time is a
variable, dynamic programming may be appli-
cable. In such cases, use of a high-speed elec-
tronic computer usually is necessary for practi-
cal computation.

For a building as a whole, its systems and
larger subsystems, direct application of Egs.
(3.5) and (3.6) is impractical, because of the
large number of variables and constraints. The
difficulties that may be encountered are per-
haps best illustrated by an example.

Consider a building with skeleton framing. In
such a building, columns are usually spaced
along rows in two perpendicular directions. The
quadrangle, such as ABCD in Fig. 3.2a, formed
by four columns, is called a bay. The area of
the bay is a controllable variable that may af-
fect construction and operating costs of several
systems. Bay area, in particular, has a consid-
erable effect on structural costs and on produc-
tion, or activity, costs. The latter may be mea-
sured by the loss of revenue to the owner
because of the effect on production, or activity,

Minimum
Bay Area

Minimum-Cost
(// ‘///// Bay Area

Activity=-Preferred

‘//// Bay Area

Total Costs

Structural
[\ Costs
A 7.
BYY
\ Activity
N ~ Costs

NS -~

Bay Area——~

Fig. 3.2. (a) Plan view of building showing location of columns. (b) Curves showing variation with bay area
of structural and activity costs and of the sum of those costs.



of making the bay area smaller or larger than
desired for efficient operation, flexibility and
future expansion.

Because of the large number of variables in-
volved in optimization of bay area, an exact
solution generally is impractical. Any of several
strategies for choosing bay size consequently
may be adopted. These include selection of:
the efficient, or activity-preferred, area, making
the loss of revenue zero; the minimum area
considered essential; the area making the sum
of structural and activity costs a minimum; or
some arbitrary area chosen by the owner.

Logic appears to favor the minimum-cost
strategy. The influence of bay area on struc-
tural and activity costs is very large compared
with its effect on other system costs. The
strategy, for example, may be carried out as
illustrated in Fig. 3.2b. Structural costs would
be computed and plotted for gradual increases
in bay area from the minimum considered es-
sential. Similarly, the increase in activity cost
would be computed and plotted for gradual
changes in bay area from the activity-preferred
size. Then, the sum of the costs would be
plotted. The bay area corresponding to the low
point of the resulting curve would be the bay
area to specify.

Optimization of the sum of structural and
activity costs, however, also involves many var-
iables and may be impractical for several other
reasons. It may, for example, be impracticable
for the owner to predict the loss in future
revenue because of variations in bay area. In
some cases, activity cost may not be calculable;
for example, for a residence.

Structural costs are affected by bay area
through its influence on column spacing. This
influence is not easy to predict. For example,
column spacing can determine choice of struc-
tural materials and type of framing. For a
specific decision on these, increasing column
spacing may increase floor-framing costs but,
in some cases, decrease foundation costs. Con-
sequently, many alternative structural systems
may have to be investigated to determine the
bay area for minimum cost.

Even if an optimum bay area is not determin-
able, such studies are well worthwhile because
they indicate the general range of costs with
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variations in bay size. Sometimes, owners de-
mand much larger bays than are essential to
meet objectives but then either accept smaller
bays or drop the project when confronted with
the difference in estimated structural costs.

Suboptimization. In some cases, it may be
practicable to optimize a system by a process
called suboptimization, in which smaller, sim-
pler components are optimized in sequence. The
process is discussed in Sec. 3.13.

Simulation. Systems subject to change may
sometimes be optimized by a process called
simulation, which may also involve trial and
error. For the purpose, the actual system or a
model may be used. In the latter case, high-
speed electronic computers may be very useful.
The actual system may be used when it is read-
ily accessible and the changes to be made do
not affect other systems and have little or no
effect on cost of the system after installation.
For example, a HVAC duct system, after com-
pletion, may be operated for a variety of condi-
tions to determine the optimum damper posi-
tion for each condition.
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Words and Terms

Model: iconic, symbolic, analog
Objective function

Optimization

Simulation

Suboptimization

Variables: dependent, independent

Significant Relations, Functions, and
Issues

Elements of a model: variables, responses, measurement,
evaluation.

Methods of modeling or types of models: iconic, sym-
bolic, analog.

Relation of optimization to objectives.

Optimization through observation of successive simula-
tions.



64 Building Engineering and Systems Design

3.2 VALUE MEASURES
FOR COMPARISONS

For the purposes of comparing systems and se-
lecting the best one, some criteria or values
must be established as a guide in making the
decision. Each must correspond to a measurable
system characteristic or to a response (output)
to an imposed condition (input). This require-
ment implies that characteristics or responses
must be distinguishable. Thus, it must be feasi-
ble to assign different identification marks or
numbers to those criteria or values that are
different.

It is desirable, but not essential, that criteria
and values be quantifiable; that is, that it be
possible to arrange assigned numbers in an order
that is significant in a comparison. Selection of
the best system is easier when comparisons are
made on the basis of quantifiable criteria or
values, such as costs and revenue.

Any one of four types of measurement scales
may be used for criteria and values in systems
design: ratio, interval, ordinal or nominal.

Ratio Scales

Engineers generally prefer to use measures that
are well defined, such as costs, distances and
weights. If a value of $6 is assigned to system
A and of $3 to system B, it can be accepted
that A costs twice as much as B. If A weighs
12 1b and B 3 Ib, it can be accepted that A
weighs four times as much as B. Such scales are
called ratio scales.

A ratio scale has the property that, if any
characteristic of a system is assigned a value
number k, any characteristic that is n times as
large must be assigned a value number nk. The
absence of the characteristics is denoted by
zero.

Interval Scales

For some characteristics, a well-defined mea-
sure may not be available; however, it may be
possible to use a scale that would at least give
a numerical measure of differences in charac-
teristics. The Celsius scale for measuring tem-
peratures is an example. Temperature is a mea-

sure of the heat in an object. On the Celsius
scale, zero is arbitrarily set at the temperature
at which water freezes but does not indicate the
absence of heat. Consequently, 80°C does not
indicate the presence of twice as much heat in
an object as would be present at 40°C, al-
though 80 is twice 40. Relative measurements,
however, are still possible. The scale may in-
dicate, for example, that four times as much
heat is required to raise the temperature of the
object from 40°C to 80°C, an increase of
40°C, as would be needed to raise the temper-
ature from 40°C to 50°C, an increase of 10°C.

An interval scale has the property that equal
intervals between assigned value numbers rep-
resent equal differences in the characteristic
being measured. Zero on the scale is estab-
lished arbitrarily.

Interval scales are often used in making com-
parisons of systems that are the same except for
a few characteristics or responses. Calculations
for selection of the best system in such cases
need only take into account the characteristics
or responses that are different. Also, only the
differences need be compared.

Ordinal Scales

For some characteristics, the measure may be
based on a purely subjective decision or the
characteristic to be measured may not be pre-
cisely defined. Beauty is an example. While
aesthetics may be a prime consideration in the
design of some buildings, how much more beau-
tiful is one building than another? Generally,
if a decision can be reached in a comparison of
two objects, it can at best be that one is more,
or less, beautiful than the other. If, then, one
of these objects is compared with a third ob-
ject, a decision might be reached that either is
more, or less, beautiful than the other. By such
a process, it may be possible to assign numbers
ranking the objects in order of beauty. But the
numbers would not measure how much the ob-
jects differ in beauty. The numbers would
form an ordinal scale.

An ordinal scale has the property that the
magnitude of value numbers assigned to a char-
acteristic indicate whether an object has more,
or less, of the characteristic than another object



or is the same with respect to that characteris-
tic.

Ordinal scales are useful in comparisons of
systems where criteria cannot be expressed in
strictly economic measures, such as costs or
revenues in dollars. For example, an owner
may seek a low-cost building but also want it to
be aesthetically appealing. He may also require
low maintenance. With several objectives and
criteria to be met, it may be necessary to trade-
off higher construction costs for more attrac-
tive and more durable materials than a least-
cost building would permit. Selection of the
best system to meet these objectives may have
to be based on an ordinal scale.

To illustrate how an ordinal scale may be set
up for comparison of systems with several ob-
jectives when only some values are quantifiable,
the following example presents a scale that has
been used for value analysis. In the example,
the scale is applied to a comparison of two par-
titions, one all metal, the other, glass and metal.
Calculations are shown in Table 3.1.

The characteristics of concern in the compari-
son are listed in the first column. These char-
acteristics are assigned a weight, in accordance
with the relative importance of the design ob-
jectives, as judged by the analysts. The weight
assigned to each characteristic may range from

Table 3.1. Comparison of Alternative Partitions
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1 for low priority to 10 for highest priority and
is shown in the second column.

Next, a relative value is assigned each alterna-
tive partition for each characteristic. For exam-
ple, for construction cost, the all-metal partition
is given a value of 10 in Table 3.1 and the glass-
and-metal partition a value of 8, because the all-
metal partition costs somewhat less. Also, the
glass-and-metal partition is assigned a value of 9
for appearance, because the analysts considered
it to be slightly more attractive than the other,
which is given a value of 7.

For each characteristic, then, the weights and
values are multiplied and the products are en-
tered in the table as weighted values. Finally,
the ratio of the sum of the weighted values to
the partition cost is computed for each alterna-
tive. The all-metal partition would be recom-
mended because its ratio is larger.

Nominal Scales

For some characteristics, the measure may be
capable of doing no more than indicating that
two characteristics are different. No value,
however, is assigned to the difference. Such a
measurement scale is called a nominal scale.
The measures of such a scale, for example,
may indicate the presence or absence of a char-

Alternatives
1 2
All metal Glass and metal

Relative Relative Weighted Relative Weighted
Characteristics importance value value value value
Construction cost 8 10 80 8 64
Appearance 9 7 63 9 81
Sound transmission 5 5 25 4 20
Privacy 3 10 30 2 6
Visibility 10 0 0 8 80
Movability 2 8 16 8 16
Power outlets 4 0 0 0 0
Durability 10 9 90 9 90
Low maintenance 8 7 56 5 40
Total weighted values 360 397
Cost $12,000 $15,000
Ratio of values to cost 0.0300 0.0265
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acteristic. The measure, for instance, might be
that a fan is or is not needed; or space is or is
not available for electric wiring; or all compo-
nents are or are not factory assembled.

3.3 COMPARISONS OF SYSTEMS

The discussion of ordinal scales makes an im-
portant point: In evaluation of systems where
many factors in addition to cost have to be con-
sidered, analysts have to determine the relative
importance of design objectives to the owner,
building users and the public and the weight to
be assigned to values. How important is initial
cost? Aesthetics? Maintenance? Flexibility?
While the owner would like to optimize all of
the values, optimization of more than one value
may not be possible. Consequently, systems
analysts may have to determine the psychologi-
cal value to the owner of system characteristics
or responses, the intensity of his feeling for
them. Such values then can be used in system
comparisons. Psychological measurement, how-
ever, is crude compared with economic mea-
surement. Nevertheless, in some cases, it may
form the only basis for making a decision.
Economic comparisons are preferred for sev-
eral reasons: When properly and accurately
made, they are much more reliable than com-
parisons based on subjective values. Also, com-
parisons expressed in monetary units are likely
to be more easily understood by owners. In
addition, comparisons may be facilitated by use
of money units, because the many different sys-
tem characteristics to be evaluated in a choice
between alternatives may be made commensu-
rable by transformation into money. Conse-
quently, where possible, selection of a system
should be based on an economic comparison.

Basis for Decisions

In the choice between alternative systems, only
the differences between system values are sig-
nificant and need be compared.

For example, suppose an exterior wall con-
sidered for a building is initially planned to
contain 4 in. of insulation. Suppose also that
studies indicate that the insulation would save
$200 annually in HVAC costs. Why not then

for economy use 5 in. of insulation? The ques-
tion should be answered by subtracting the ad-
ditional equivalent annual cost of 1 in. of insula-
tion from the corresponding decrease in annual
HVAC costs. (The effects of a thicker wall on
reduction of interior space and on interfacing
with other building components should also be
taken into account if relevant.) If the difference
is positive, 5 in. of insulation would be better
than 4 in. If the difference is negative, the added
insulation is not an improvement. It is the
difference in savings that should control the
decision.

Maximization of Profit

Costs are very important in building design be-
cause they usually are incorporated in criteria,
or measures, that determine whether a building
meets the owner’s objectives. Generally, for
example, an owner would like to recover his
investment and maximize the profit, or return,
on his investment in the building. Return is the
difference between revenue from use of the
building and total costs. The last is the sum of
initial investment, maintenance and operating
costs. With the objective of maximum return,
therefore, it is the difference between revenue
and costs that should be maximized.

Sometimes, instead, costs are minimized. This
could lead to an erroneous decision in choosing
between alternatives. Minimum cost yields a
maximum return only if revenue is unaffected
by the choice of systems or does not decrease as
rapidly as cost. Similarly, maximizing revenue
could lead to a poor decision unless costs are
unaffected by the decision or do not increase
as rapidly as revenue.

Also, sometimes, only initial investment, or
construction, cost is minimized. This, too,
could lead to a bad decision, even though rev-
enue would not be adversely affected. Life-
cycle costs should be used in computing profit,
not just initial investment cost. Life-cycle costs
include maintenance and operating costs. Some-
times also, depreciation and taxes may be
important.

Maximum profit, however, may not be suf-
ficient to meet an owner’s objectives in some
cases. The owner may want profit to be com-



mensurate with the risk involved in making the
investment and with the return available from
other investment opportunities. Thus, he might
require that the rate of return, the ratio of re-
turn to investment, be larger than all of the
following:

Interest rate for borrowed money

Rate for government bonds or notes
Rate for highly rated corporate bonds
Rate of return expected from a business

Consequently, the decision whether to pro-
ceed with construction of a building may well
hinge on whether a maximum return can be
realized that is large enough to make the rate
of return appealing to the client.

Time Value of Money

The preceding discussion should make evident
the importance of the time value of money in
economic comparisons. All costs represent
money that must be borrowed or that could
otherwise be invested at a current interest rate,
depending on the risk considered acceptable.
Consequently, in economic comparisons, inter-
est rates should be used to convert costs of dif-
ferent types, such as initial investment and
annual costs, to a common base. For example,
initial investment may be changed to an equiva-
lent annual cost, or annual cost may be con-
verted to present worth. Use of interest rates
for these purposes is discussed in Sec. 3 4.

3.4. RETURN ON INVESTMENT

A typical economic comparison of alternative
systems involves evaluations of initial capital
investments, salvage values after several years,
annual disbursements and annual revenues. For
the comparison, it is necessary to make these
different types of costs and revenues commen-
surable. This is usually done in either of two
ways:

1. Conversion of all costs and income to
equivalent uniform annual costs and
income.

2. Conversion of all costs and income to pres-
sent worth as of time zero for the annual
series of disbursements and income.
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Present worth is the amount of money that,
invested at time zero at a specified rate of re-
turn, would yield annually the required series
of disbursements and income.

The conversions should assume a rate of re-
turn that is attractive to the owner. It should
be at least equal to the interest rate that would
have to be paid if the amount of the investment
had to be borrowed. Consequently, the desired
rate of return usually is referred to in conver-
sion calculations as the interest rate.

The conversions should also be based on the
actual time periods involved, or reasonable es-
timates of them. For example, salvage values
should be specified as the expected return on
sale of an item after a specific number of years
that the item has been in service. To simplify
calculations, interest is computed for the end
of each year.

Compound interest formulas should be used
for the conversions. Thus, a sum invested in-
creases over a specific number of years to

S=P(1+i)" (3.7)

where

S = future amount of money, equivalent to P,
at the end of n periods with interest i

i = interest rate per interest period

n = number of interest periods

P = present sum of money = present worth of
investment at time zero

Present worth of a future sum of money can
be obtained by solving Eq. (3.7) for P:

P=SA+i)" (3.8)

A capital investment P can be recovered in n
years with interest i through a series of annual
payments R. The amount of the annual pay-
ment for capital recovery is given by

i ) i .
R=P[1—(1+i)‘"] "P[(1+i)"— 1 “]
(3.9)

The present worth of an annual series of pay-
ments R can be obtained by solving Eq. (3.9)

for P:
P=R [1—(-11—22—] (3.10)
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The present worth of an annual series of pay-
ments continued indefinitely then is
R
P=— (3.11)
i
When equipment has salvage value V after n
years, capital recovery can be computed by sub-
traction of the present worth of the salvage value
from the capital investment:
i

R=[P-V(+i)™"] [m—_-l'

+ i] (.12)

Example 3.1. Annual Cost Comparison

Alternatives: Two heating units are being con-
sidered for an office building. Estimates for the
units are as follows:

UNIT 4 UNIT B

Initial cost $30,000 $50,000
Life, years 10 20
Salvage value $5,000 $10,000
Annual costs $3,000 $2,000

The annual costs include operation, mainte-
nance, property taxes and insurance. Which
unit would be more economical if the rate of
return is chosen at 8%?

Comparison: Annual costs are computed as
follows: .
UNIT A

By Eq. (3.12),

R = [$30,000
0.08
- $5,000(1.08)1°] | —————+0.08
$5,000(1.08) ][(1.08)”-1 00]
=$4,125
Annual costs = 3,000
Total annual cost =$7,125
UNIT B
By Eq.(3.12),
R = [$50,000
0.08
- $10,000(1.08)2°] |——=—+0.
s (1.08)*1 [(1.08)20 -1 0 08]
= $4,874
Annual costs = 2,000
Total annual cost =$6,874

Conclusion: Unit B is more economical be-
cause its annual cost is lower.

Example 3.2. Present Worth Comparison

Compare Units 4 and B of Example 3.1 by use
of present worths.

Comparison: Whereas the alternatives have
different service lives, conversion of all costs
and income to present worth must be based on
a common service life. A convenient simple as-
sumption for doing this is that replacement as-
sets will repeat the investment and annual costs
predicted for the initial asset. In accord with
this assumption, a common service life to be
used in the comparison of present worths must
be selected. Sometimes, it is convenient to
choose for the common service life the least
common multiple of the lives of the alterna-
tives. In other cases, annual costs may be as-
sumed to be perpetual. The present worths of
such annual costs are known as capitalized
Costs.

For this example, assume a common service
life of 20 years. Hence, Unit A will presumably
be replaced at the end of 10 years by a similar
unit at a cost of $30,000, less the salvage value.
The new unit will be assumed to have a salvage
value of $5,000 at the end of 20 years.

UNITA

Initial investment = $30,000
Present worth of replacement cost

in 10 years [Eq. (3.8)]

=($30,000 - $5,000)(1.08)*° = 11,580
Present worth of annual costs for

20 years [Eq. (3.10)]

_ 1-Q .08)'”] _

$3 ,000[ 0.08 29,454

Present worth of all costs =$71,034
Income:
Present worth of salvage value after

20 years [Eq. (3.8)]

= $5,000(1.08)™%° = 1073
Present worth of net costs for

20 years =$69,961




UNIT B

Initial investment =$50,000
Present worth of annual costs for

20 years [Eq. 3.10)]

_ 1-(1.08)y% _

$2,000[ 0.08 ] = 19,636

Present worth of all costs =$69,636
Income:
Present worth of salvage value after

20 years [Eq. (3.8)]

= $10,000(1.08)"%° = 2,145
Present worth of net cost for

20 years =$67,491

Conclusion: Unit B is more economical be-
cause it will cost less.

Benefit-Cost Comparisons

As indicated previously, the objective of an eco-
nomic comparison may be selection of a system
yielding the maximum return; i.e., the largest
difference between revenues and costs. In the
preceding examples, however, least cost is the
criterion for selection of a system rather than
maximum return, because revenue is assumed
to be unaffected by the decision, except for sal-
vage values of the equipment. In other cases,
revenue may be affected by the decision and
should be taken into account.

Revenue, though, may be thought of as more
than monetary income. Revenue may also in-
clude intangible gains or prevention of losses.
For example, the decision whether to waterproof
a basement should take into account the dam-
age that would result were the basement to be
flooded. Nonoccurrence of such losses would
be a financial benefit accruing from waterproof-
ing. Another example is the decision to enclose
acoustically a noisy machine. The benefits
would be worker comfort, improved worker
efficiency and possibly also the ability to ob-
tain workers at lower wages. Benefits may be a
better term to use than revenues in such cases.

Consequently, in economic comparisons, the
objective may be to maximize the difference
between benefits and costs.

Example 3.3. Benefit-Cost Comparison

A step in a manufacturing process requires im-
pact forming of a product. The noise produced
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by the impact, while not likely to impair the
hearing of workers, is unpleasant and will cause
a loss of worker efficiency. Three alternatives
are under consideration.

Alternatives:

Plan 1. Select Machine A and normal opera-
tion.

Plan 2. Select Machine 4 and isolate it with
an acoustical enclosure, thus improving worker
efficiency.

Plan 3. Select quieter Machine B, which costs
considerably more, but thus free workers from
the restrictions of the enclosure.

Estimates for the plans are as follows:

PLAN 1 PLAN 2 PLAN 3

Initial machine

cost $10,000 $10,000 $20,000
Life, years 5 5 7
Salvage value 0 0 0

Annual costs
for machine

operation $ 2,000 $ 2,000 $ 1,500
Acoustical

protectioncost 0  § 2,000 0
Annual value

of improved

efficiency 0 § 800§ 1,000

Which plan would be the most economical for
the assumption of a 10% rate of return?

Comparison: The following annual costs are
computed:

PLAN 1 PLAN 2 PLAN 3

Capital recovery
of machine
cost [see Eq.
(3.12)]

Capital recovery
of acoustical
protection 0

Annual costs
for machine
operation

$ 2,638 § 2,638 § 4,108
528 0
2,000

2,000 1,500

Total annual

cost $ 4,638 § 5,166 § 5,608
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Benefits:
Annual value
of improved
efficiency 0
Net annual
cost
Benefit-cost
ratio 0

800 1,000

$ 4,638 § 4,366 $§ 4,608

0.155 0.178

Conclusion: Plan 2 is the most economical be-
cause its annual cost is lowest.

Benefit-Cost Ratios

Note that in Example 3.3, Plan 3 has a higher
ratio of annual benefit to annual cost than Plan
2. Yet, Plan 2 is more economical. Benefit-
cost ratios, the example indicates, are not a re-
liable measure of the relative economy of alter-
native systems—at least not when the ratios are
based on total costs.

Reliable results can be obtained, however, if
the ratios are taken as that of increment in ben-
efit to the increment in cost that goes to pro-
duce the benefit. Alternatives may then be
compared in pairs in the order of increasing
costs. The incremental benefit-cost ratio of the
system selected should exceed unity.

For example, in the comparison of Plan 2
with Plan 1, Plan 2 costs $528 more than Plan
1, has a benefit increment of $800, and there-
fore has a benefit-cost ratio of 800/528 = 1.51.
In the comparison of Plan 3 with Plan 2, Plan 3
costs $442 more, has a benefit increment of
$1,000 - $800 = $200, and therefore has a
benefit-cost ratio of 0.452. Consequently, the
extra cost of Plan 3 is not warranted because
the incremental benefit-cost ratio is less than
unity.

For Sections 3.2-3.4
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Words and Terms

Alternatives

Benefit-cost comparison

Investment

Measurement scales: ratio, interval, ordinal, nominal
Present worth

Profit

Return

Significant Relations, Functions and
Issues

Process of use and establishing of values: defining objec-
tives, measurement systems, comparisons, conclusions.
Time value of money.

3.5. CONSTRAINTS IMPOSED BY
BUILDING CODES

States and communities establish regulations
governing building construction under the po-
lice powers of the state, to protect the health,
welfare and safety of the community. These
regulations comprise a building code, which ap-
plies a multitude of constraints on building
design.

Building codes are administered by a building
department. In many communities, the build-
ing department not only enforces the building
code but also the zoning code, subdivision regu-
lations and other laws affecting buildings.

If a state has a building code, its provisions
usually take precedence over municipal codes if
the state regulations are more stringent.

The requirements of building codes generally
are the minimum needed to protect the public.
Architects and engineers therefore must use
judgment in applying codes, to protect fully the
interests of both clients and the public. Often,
more than minimum criteria must be satisfied if
a building is to serve efficiently and if per-
sonal injuries are to be prevented in use of the
building.

Sometimes, code requirements are not ade-
quate to protect the interests of either the client
or the public. For example, a building code
may specify a minimum thickness of concrete
floor, which may be adequate for the client’s
immediate needs. But the client’s needs may
change or he may sell the building to a new
owner with different needs, in either case mak-



ing the floor thickness unsafe without expen-
sive alterations. As another example, code re-
quirements for fire resistance may not be enough
for public safety. An oven is completely fire re-
sistant but unsafe for humans when the heat is
on. Past fires have demonstrated that fire-
resistant buildings may actually be huge ovens!
When the owner’s interests conflict with the
public interest, the public interest must prevail.

Code Enforcement

The building department enforces regulations
under its purview by checking building plans
before construction starts and then inspecting
the work during construction. If the depart-
ment approves the plans, it issues a building
permit authorizing construction to start. If,
while work is under way, a building inspector
finds a violation of a regulation, he issues an
order for removal of the violation. Failure to
correct a violation subjects a contractor or
owner to fines and even to imprisonment. De-
cisions of the building department, however,
may be appealed to a Board of Appeals or to
the courts, whether design or construction is
concerned. When the building has been com-
pleted and approved by an inspector, a certifi-
cate permitting occupancy is issued.

Building codes, in general, apply only to work
within lot boundaries. (Exceptions include rel-
atively short overhangs, bridges between adja-
cent buildings, or under-sidewalk vaults.) Con-
struction affecting sidewalks or streets, curb
elimination for driveways, water and sewer con-
nections, and other types of work on public
property usually are controlled by regulations
under the jurisdiction of other departments,
such as a department of highways and sewers or
a water department. Contractors often have to
obtain permits from such departments.

Types of Codes

Attempts have been made in the past to classify
building codes as specification type or perfor-
mance type.

A specification-type code specifies specific
materials for specific uses. It gives minimum or
maximum thickness, height, or length, or com-
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binations of these. For example, this type of
code may specify that an exterior wall must be
made of brick or concrete. It may also require
that one-story walls must be at least 8 in. thick.
In contrast, a performance-type code speci-
fies the performance requirements of buildings
and their components. It leaves materials,
methods, and dimensions to the option of the
designer so long as the performance require-
ments are satisfied. For example, this type of
code specifies that an exterior wall must be:
1. Strong enough to resist all loads that may
be imposed on it
2. Stiff enough that loads will not cause per-
manent deformations or cracking

3. Durable

4. Capable of achieving a stipulated fire
rating

5. Resistant to passage of heat, sound, and
water.

The code may apply quantitative values,
like the fire rating, to many of these desired
characteristics.

Performance-type codes have many suppor-
ters, because this type gives designers more free-
dom in selecting materials and methods, readily
permits use of new materials and methods, and
does not become obsolete as quickly. With
specification-type codes, new legislation often
is required before new materials or methods
may be used. Even when such action is not
necessary, building officials may be slow in ap-
proving new things, to be certain that their use
is safe. In practice, however, performance-type
codes have not shown the advantages over spec-
ification-type codes that have been expected.
The principal reason is that as materials are
demonstrated to meet performance require-
ments they are placed on a list of approved ma-
terials. If materials planned for a project are
not on the list, extensive investigations may be
necessary to obtain approval of those materials.
By the time the investigations are completed, it
may be too late to use those materials on the
project for which they were proposed.

Actually, performance-type codes are an
idealization. A purely performance-type code
has never been written. Sufficient information
for the purpose is not available. Consequently,
all codes are partly performance type and partly
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specifications type. Whether a building code is
considered to be of either type depends on
the degree to which it relies on performance
requirements.

Forms of Codes

Building codes often vary in form with locality.
In general, however, they consist of two parts,
of which,

One part deals with administration and en-
forcement, including:

1. Licenses, permits, fees, certificates of oc-

cupancy

Safety

Projections beyond street lines

Alterations

Maintenance

Applications, approval of plans, stop-

work orders

7. Posting of buildings to indicate permissi-
ble live loads and occupant loads

SN

The second part contains the regulations di-
rectly affecting building design and construc-
tion, and is, in turn, subdivided to deal sepa-
rately with:

1. Occupancy and construction-type classifi-
cations, limitations on these classes, fire
protection, and means of egress

2. Structural requirements

. Lighting and heating, ventilating, air con-

ditioning, and refrigeration (HVAC) regu-
lations

. Plumbing and gas piping

. Elevators and conveyors

Electrical code

. Safety of public and property during con-

struction operations

w

NN A

The form of subdivision depends on the mu-
nicipality.

Adoption of Standards

Building codes generally consist of a mixture of
good practices and minimum standards of ade-
quacy. To obtain building regulations suitable
to local conditions, a community may develop

a completely new building code for its own use
and adopt it by legislative action. By similar ac-
tion, the community may adopt the latest ver-
sion of a model code, such as those promul-
gated by associations of building officials or the
American Insurance Association, or a state code,
or any of these codes with modifications. The
legislation need simply indicate that a specific
code of given date is adopted, except for cer-
tain listed modifications. This action is called
adoption by reference.

It is common practice also for building codes
to adopt by reference existing standards of var-
ious types. For example, a building code may,
in this manner, incorporate the latest version of
ANSI A40.8, ‘“The National Plumbing Code,”’
American National Standards Institute; or a
code may adopt by reference any of the many
standard specifications for materials or meth-
ods of ASTM; or a code may adopt by refer-
ence the standard building code requirements
for structural design and construction promul-
gated by the American Institute of Steel Con-
struction, American Institute of Timber Con-
struction, and the American Concrete Institute.

Code Constraints on Design

Many of the architectural and structural con-
straints imposed by building codes depend on
various classifications of buildings defined in
the codes. In general, a building may be classi-
fied according to:

Fire zone in which it is located

Occupancy group, depending on building use

Type of construction, as a measure of fire

protection offered

Fire zones usually are shown on a commu-
nity’s fire-district zoning map. The building
code indicates what types of construction and
occupancy groups are permitted or prohibited
in each zone.

Occupancy group is determined by the build-
ing official in accordance with the use or char-
acter of occupancy of the building. Typical
classifications include:

Places of assembly, such as theaters, concert
halls, auditoriums, and stadiums



Schools

Hospitals and nursing homes

Industrial buildings with hazardous contents

Buildings in which combustible materials may
be stored

Industrial buildings with noncombustible con-
tents

Hotels, apartment buildings, dormitories,
convents, monasteries

One- and two-story dwellings

Type of construction is determined by the
building official in accordance with the degree
of public safety and resistance to fire offered
by the building and its components. These
characteristics are measured by the fire ratings
assigned to building walls and partitions, struc-
tural frame, shaft enclosures, floors, roofs,
doors and windows. Fire ratings of various
constructions used in buildings are determined
by a standard test (usually ASTM E119,
‘‘Standard Methods of Fire Tests of Building
Construction and Material,”” promulgated by
ASTM, formerly the American Society for
Testing and Materials), and measured in hours.

Some building codes give fire-resistance re-
quirements, in addition, for exterior walls and
protection of wall openings in accordance with
location of a building on a site and distances to
property lines and other buildings. The objec-
tive is to prevent or delay spread of fire from
one building to another.

To prevent or delay spread of fire over very
large areas on any level of a building, codes
usually specify the maximum allowable floor
area enclosed within walls of appropriate fire
resistance on any level. The areas permitted
depend on occupancy group and type of
construction.

Maximum building height and number of
stories also are specified in building codes for
fire safety. These limits, too, depend on occu-
pancy group and type of construction.

Similarly, occupant load, or number of per-
sons permitted in a building or room, is speci-
fied. The objective is to enable rapid and or-
derly egress in emergencies, such as fire,
smoke, gases, earthquake or any event that
might cause panic. Occupant load for any use
is determined by dividing the floor area as-
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signed to that use by a specified number of
square feet per occupant. Building codes list
permitted occupant loads in accordance with the
type of use of the area or the building. Asso-
ciated with these loads is a specified number of
exits of adequate capacity and fire protection
that must be provided.

The structural subdivision of a building code
lists the minimum loads for which a building or
its components must be designed. The subdi-
vision may also indicate the minimum struc-
tural capacities required, allowable unit stresses
or maximum permitted deflections. Some-
times, in addition, minimum thicknesses of ma-
terials are specified, as well as maximum spac-
ing of bracing.

In a similar manner, building codes apply con-
straints to mechanical, electrical and other com-
ponents of buildings. Also, the codes contain
rules governing construction of buildings in-
cluding use of equipment, such as cranes.
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3.6. ZONING CODES

Buildings in a community may be regulated
under the police powers of the state, to protect
the health, welfare and safety of the commu-
nity. The regulations promulgated for this pur-
pose generally comprise a zoning code, which
applies numerous constraints on building
design.

Zoning codes are usually administered by a
planning commission or by a building depart-
ment. The commission also may establish re-
lated subdivision regulations, to control sub-
division of large parcels of land by developers.
Subdivision regulations also act as constraints
on designers, who are not completely free, as a
result, to maximize economic or aesthetic ef-
fects of a building, because design must comply
with the regulations.

Zoning is an important planning tool in guid-
ing growth and other changes in a community
or region. Planning goals include better living
conditions, safety, sanitation, quiet and provi-
sion for growth and population increases. In
endeavoring to achieve these goals, zoning may
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restrict the right of a property owner to use his
property as he sees fit. But at the same time,
zoning protects the property owner from being
injured by improper use of nearby property.

Zoning attempts to achieve the planning ob-
jectives through control of land use, building
height, lot or building area and population den-
sity. For the purpose, the planning commission
divides the community into a number of dis-
tricts, in which limits are placed on the features
to be controlled.

Land-Use Regulations

These determine the type of occupancy per-
mitted in each district, such as industrial, com-
mercial or residential (single- or two-family
dwellings or apartment buildings, for example).

Building-Height Regulations

Height may be controlled practically in any of
several ways. One way is to place a limit on the
number of stories or the height, in feet, from
street to roof (see Fig. 3.3a). Another way is to
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Fig. 3.3. Illustrations of limitations placed by zoning on building height. (a) Height limitations for building
constructed up to lot lines. (b) Setback required by a 3: 1 sky exposure plane. A tower with floor area at
any level not exceeding 40% of the lot area may project above that plane, but the floor-area ratio of the
building may not exceed 15. (c) A sheer tower may be allowed a floor-area ratio of 15 if the floor area at
any level is 55% or less of the lot area or a floor-area ratio of 18 if floor area is 40% of the lot area.



require that a building lie within specified slop-
ing planes defined with respect to lot lines (see
Fig. 3.3b). These envelopes are known as sky-
exposure planes. Such a regulation not only
places a practical limit on overall building
height, for economic reasons, because a build-
ing gets smaller as it gets higher, but the planes
also set a limit on height of portions of the
building, because they must fit within the speci-
fied enveloping planes. Shape of building (ap-
pearance), consequently, is considerably influ-
enced by this type of zoning regulation.

Still another way to control building height in
a zoning regulation is to specify a maximum
floor-area ratio, the ratio of the maximum floor
area permitted within a building to the area of
the lot. This type of regulation controls bulk
and trades off additional floor area in a build-
ing for additional unused space on the lot. For
instance, for a floor-area ratio of 10, each square
foot by which a lot is expanded permits an ad-
dition of 10 sq ft of floor area within the build-
ing to be constructed on the lot. The effect of
floor-area ratio, for practical reasons, is also to
limit the overall height of a building and por-
tions of it, because, in congested city districts,
lots are very expensive. Land cost increases
rapidly with lot area.

Figure 3.3c illustrates a case where a consider-
able portion of a lot is devoted to a plaza for
public use. A building without setbacks, a
sheer tower, may be erected to a considerable
height in accordance with local floor-area-ratio
zoning regulations. For example, one city as-
signs a floor-area ratio of 15 if the cross-sec-
tional area of the tower does not exceed 55% of
the lot area or a ratio of 18 if the tower area
does not exceed 40% of the lot area. Conse-
quently, on a 10,000-sq ft lot, with a tower
area of 40% of 10,000, or 4,000 sq ft, a build-
ing would be permitted a total of 18 X 10,000 =
180,000 sq ft. Thus, the tower could be built
180,000/4,000 = 45 stories high.

Area Regulations

One type of regulation on lot area specifies the
minimum distances that must be provided be-
tween a building exterior and the nearest lot
line on all sides. Also, the regulation specifies
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the minimum frontage the lot must have along
a street.

Another type establishes minimum area of
lots for single-family houses and minimum lot
areas per family for apartment buildings. The
objective of this type of regulation is to control
population density. An alternative is to specify
the maximum number of families permitted per
acre and allow the developer the option of se-
lecting the types of buildings he prefers for sat-
isfying that criterion.

Zoning Map

Current land-use controls are usually indicated
on a drawing called a zoning map. It is pri-
marily based on existing land use when it was
prepared, modified by granting of variances by
the planning commission and changed by rezon-
ing legislation.

Master Plan

In addition to the zoning map, the planning
commission usually prepares a master plan as a
guide to the growth of the community. An im-
portant part of the master plan is a future land-
use plan. The objective is to steer changes in
the zoning map in the direction of the future
land-use plan.

Other Types of Zoning

The following legal regulations also may con-
strain building design. Aimed at accomplish-
ing specific purposes, they are superimposed on
the standard zoning patterns.

Airport zoning is one example. Its objectives
are to maintain obstruction-free approach zones
and to provide noise-attenuating distances
around an airport. The approach zones are
maintained by establishment of limits on build-
ing heights. These limits vary with distance
from and orientation with respect to the airport.

Fire zones are another example. They pro-
hibit certain types of construction that other-
wise might be permissible. The restrictions de-
pend on congestion in each zone, population
density and proximity and height of buildings.
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Land subdivision regulations are still another
example. The local 7zoning ordinance specifies
minimum lot area and minimum frontage a lot
may have along a street. Subdivision regula-
tions, in contrast, specify the level of improve-
ments to be installed in new land-development
projects. These regulations contain criteria for
location, grade, width and pavement of streets,
length of blocks, open spaces to be provided
and right of way for utilities.
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Zoning as a community planning tool.

3.7. OTHER CONSTRAINING
REGULATIONS

In addition to building and zoning codes, there
are other legal requirements affecting building
design and construction. Local departments of
highways, streets, sewers and water have regu-
lations with which building construction must
comply. Also, local utility companies have
standards that must be met if a building is to be
serviced. Designers and construction contrac-
tors must be alert to the possibility of these and
other constraints and to apply them if they are
applicable. In particular, buildings are likely to
be subject to requirements of the following
agencies.

Health

State or local health departments may have
jurisdiction over conditions in buildings that
could affect the health of occupants or visitors.
Food-handling establishments, hospitals and
nursing homes are especially likely to be subject
to health department regulation. But health de-
partments may also have the responsibility for
enforcing such regulations as those requiring
maintenance of suitable indoor temperatures in
cold weather.

Labor

For industrial and office buildings and retail
stores, there may be laws for employee safety
and health established by the state department
of labor. Designers must insure that buildings
they design provide conditions that are in ac-
cordance with the law. The law may require
that building plans be submitted to the depart-
ment of labor for review before construction
starts. Failure to comply with these laws will
subject an owner to fines. During construction
of a building, contractors, as employers, also
must comply with the labor laws.

Occupational Safety and Health Administration

For occupational safety and health, the U.S.
Congress passed in 1970 the Occupational Safety
and Health Act (OSHA). This act contains reg-
ulations governing conditions under which em-
ployees work. In particular, OSHA contains
detailed standards for construction. Contrac-
tors and subcontractors must comply with
these regulations during construction.

Designers must insure that buildings they de-
sign provide conditions that are acceptable un-
der OSHA. There is no provision in the law,
however, for reviewing plans before construc-
tion starts. Inspections usually are made by the
administrating agency only after complaints
have been received. Consequently, owners and
their design and construction agents should be
thoroughly familiar with the law and interpreta-
tions of it and should insure compliance.

Housing

For residential buildings for which government-
insured mortgages are to be secured, the stan-



dards of the Federal Housing Administration or
the Veterans Administration apply. In particu-
lar, housing must comply with FHA “Minimum
Property Standards.”

Military

Materials used in military construction must
conform with Federal Specifications. Each mil-
itary department may have regulations affecting
construction performed for it.

3.8. SYSTEMS DESIGN STEPS

The preceding sections provide much of the
background information needed for systems de-
sign of buildings. In this section, the steps re-
quired for execution of systems design are
outlined.

The procedure proposed has nine basic steps
(see Fig. 3.4). These are generally taken in se-
quence; but Steps 3 through 8, synthesizing, an-
alyzing and appraising alternative systems, may
be repeated as many times as costs and dead-
lines permit or until the designers and analysts
are unable to generate new alternatives worth
considering.

In showing the steps in sequence, Fig. 3.4 has
been simplified for the purposes of illustrating
and explaining the design procedure.

Though not shown in Fig. 3.4, several alterna-
tives may be acted on concurrently in actual
practice, rather than in sequence. This would
make possible comparisons of a group of alter-
natives simultaneously.

Also, though not shown in Fig. 3.4, some
steps may start before earlier ones have been
completed. In addition, though not indicated
in Fig. 3.4, there may be feedback of informa-
tion from some steps to earlier ones. These
possible feedbacks would create loops—return
to an earlier step, revisions, and repeat of a se-
quence of steps.

Implied but not shown in Fig. 3.4 is a very
important action—data collection. To show this
would complicate the flow diagram. Data col-
lection is likely to be almost continuous from
the start in systems design. Information is
needed to prepare objectives and constraints,
develop criteria, select and calibrate models,
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and evaluate alternatives. Early in design, much
of the information that will be needed may not
be available or the need may not be recognized.
Hence, data may have to be collected through-
out most of the design process.

In brief, system design comprises these stages:
data collection and problem formulation, syn-
thesis, analysis, value analysis, appraisal and de-
cision. The steps of these stages are as follows:

Step 1. Define briefly what is needed. Indi-
cate what the system is to accomplish. Describe
the effects the environment or other systems
will have on the performance of the required
system. Also, indicate the effects the system
will have on its surroundings.

Step 2. In view of what is needed and the ex-
pected interaction of proposed systems with
the environment and other systems, develop a
set of objectives that must be met. Also, com-
pile a set of constraints indicating the range
within which values of controllable variables
must lie.

Step 3. Conceive a system that potentially
could meet all the objectives and constraints of
Step 2.

Step 4. Model the system and apply the
model. This requires the actions indicated in
Fig. 3.1 and explained in Sec. 3.1.

Step 5. Evaluate the system. Determine if it
meets all objectives and constraints satisfacto-
rily. In particular, see if construction costs lie
within the owner’s budget.

Step 6. Apply value analysis. If potential im-
provements are possible, eliminate components
that are not essential, make simplifying or cost-
saving changes, or integrate components so that
one component can do the work of several.

Step 7. Because the changes made in Step 6
result in a new or modified system, model the
system and apply the model, as in Step 4. This
may require a new model, recalibration of the
former model or just substitution in the former
model of new values of the controllable variables.
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Problem Formulation
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8
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Does
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a Different
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Performance or
Costs Possible?

9
Specify the Best System

Fig. 3.4. Steps in Systems Design.

Step 8. Evaluate the new or modified system.
Compare it with any other alternative systems
that have been evaluated. If the new system is
more expensive than any of the others, see if
additional changes can reduce costs. If they
can, make the changes (in effect, return to Step

6) and repeat Steps 7 and 8. Next, try to gen-
erate an alternative system that will cost less or
will perform better. If this can be done, model
the improved system and apply the model (in
effect, return to Step 4); then, repeat Steps 5
through 8 with the improved system. If a bet-



ter or less costly system does not appear feas-
ible, proceed to Step 9.

Step. 9. Select and specify the best system
from among the alternatives investigated.

The following example is presented to illus-
trate the systems design procedure. The condi-
tions described and the proposed solution have
been simplified, perhaps over-simplified, for the
purposes of the example.

Example 3.4. Selection of Shape and
Size of an Office Building

At the start of the conceptual phase of design
of an office building, the following information
is provided:

The owner is a federal government agency,
exempt from zoning-code requirements. The
owner wants to build an office building for the
sole use of the agency. A total of 350,000 sq
ft of office floor area is needed. But prelimi-
nary studies of office layout indicate that no
floor should provide less than 13,000 sq ft of
office area. Also, studies show that the service
core, containing stairs, elevators, toilets and
service rooms, is likely to require about 2,500
sq ft of floor area per story. Budget:
$41,500,000, exclusive of land cost.

The owner wants the building erected on a
23,000-sq-ft lot owned by the agency. Located
in a congested, central business district of a big
city, the lot has a frontage on the south of 200
ft along an avenue (see Fig. 3.5). On the east,
the lot has a frontage of 130 ft along a street.
And on the west, the lot has a frontage of 100
ft along another street. The lot may be consid-
ered, for convenience, to consist of two rect-
angular areas: Area 1 with 20,000 sq ft, and
Area 2 with 3,000 sq ft.

Adjacent to the lot, on the northwest, is a
museum, famous as a landmark. This building
is about 40 ft high. Other buildings nearby,
however, are skyscrapers, mostly about 400 ft
tall, or higher.

Along the avenue, buildings usually are set
back from the property line, to permit wider-
than-usual sidewalks or to provide plazas for
public use. In contrast, along the streets, build-
ings usually are constructed along the property
line.

The owner, being a government agency, wants
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Fig. 3.5. Building site for Example 3.4.

to set a good example for other builders. Con-
sequently, the owner would like the building to
be constructed to enhance the community, to
provide a public service, if possible. Though ex-
empt from local building ordinances, the owner,
for the preceding purpose, requests that the
building be designed and constructed in accor-
dance with the city building code and zoning
ordinance.

Step 1. Goal Provide, on a lot owned by a
federal government agency, a building for the
agency with at least 350,000 sq ft of office area
at a cost not exceeding $41,500,000. The
building should be an asset to the community.

Step 2. Objectives and Constraints

Objectives:

1. Design a building for the 23,000-sq ft lot
shown in Fig. 3.5. Area 1 is 100 X 200 ft,
and Area 2,30 X 100 ft.

2. Provide a total office floor area of 350,000
sq ft minimum.

3. Provide, on each level of the building, of-
fice floor area of at least 13,000 sq ft, plus
service-core area of about 2,500 sq ft.

4. As a public service, provide as much open
space at street level for public use as pos-
sible, consistent with the preceding
objectives.

5. Relate the building to and harmonize it
in appearance and position on the lot with
neighboring office buildings, many of
which rise 400 ft or more above street
level. Hence, if possible, align the building
with those on the avenue that are set back
from the property line.

6. As a public service, provide open space
around the landmark museum.

7. For the public good, abide by the city
building and zoning codes.
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Constraints:

1. Construction cost of building must not ex-
ceeding $41,500,000. Cost estimates at
this stage of design may be based on a
construction cost of $100 per sq ft of gross
floor area, the average reported for re-
cently constructed office buildings in the
central business district.

2. Maximum possible floor area per story =
lot area =23,000 sq ft; minimum required
floor area per story =13,000+ 2,500 =
15,500 sq ft.

3. Zoning regulations (Note: Floor-area ratio
is the ratio of total gross floor area to the
lot area.)

(1) Buildings constructed up to property
lines along streets or avenues may rise
85 ft above street level without a set-
back. Parts of buildings more than 85
ft high must lie within a sky exposure
plane starting at the 85-ft level at the
property line and with an upward
slope of 3:1 away from the street (see
Fig. 3.3b), until the floor area in any
story does not exceed 40% of the lot
area. Maximum permissible floor-area
ratio = 15.

(2) Buildings set back from the property
line to provide a wider sidewalk or a
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plaza are permitted a sky exposure
plane as in regulation (1) but with a
slope of 4:1. Maximum permissible
floor-area ratio = 18.

(3) Sheer towers set back from the prop-
erty line to provide a wider sidewalk
or a plaza (see Fig. 3.3¢) and with a
gross floor area per story not exceed-
ing 50% of the lot area are permitted a
floor-area ratio = 17.

Step 3. Alternative 1 A building satisfying
zoning regulation (1) would provide no open
space at street level. Such a building, therefore,
would not meet objectives 4 to 6. It cannot be
considered an acceptable system.

Instead, for Alternative 1, consider a building
satisfying zoning regulation (2). The building
then would consist of a tower rising from a
broader base. The base, in turn, being set back
from the property lines along the streets, would
be smaller than the lot (see Fig. 3.6). The ser-
vice core would be placed in Area 2 of the lot.

Step 4. Alternative 1 Model For a floor-area
ratio of 18, the total gross floor area permitted
is 18 X 23,000 = 414,000 sq ft. '

For a sky exposure plane with slope 4:1, the
setback from the property line and height of

Fig. 3.6. (a) Elevation of building for Example 3.4, Alternative 1. (b) Section through base. (¢) Section

through tower.



base H to provide a base with maximum floor
area can be determined mathematically. On the
assumption of a 25-ft-high first story and 12-ft-
high stories above, use of differential calculus
indicates that the base should be 12 stories
(157 ft) high (see Fig. 3.6a).

Set back from the property line 18 ft, the ser-
vice cgre in the base would be 30 X (100—18)
ft, thus providing a floor area of 2,460 sq ft.
Office floor area in the base would be 13,450
sq ft per story, or a total in the 12 stories of
161,400 sq ft. Total service-core floor area in
the base would be 29, 500 sq ft. Consequently,
the base would provide a total floor area of
190,900 sq ft.

The tower then would have to provide office
areas totaling at least 350,000—161,400 =
188,600 sq ft. Floor area per story in the
tower, however, may not exceed 40% of the lot
area, or 0.40 X 23,000 =9,200 sq ft. Because
some elevators and perhaps also some stairs
need not be extended above the base, a smaller
service-core floor area than 2,500 sq ft, say
2,000 sq ft, may be assumed for the tower. In
that case, the maximum office area per story
that can be provided in the tower is 9,200 -
2,000 = 7,200 sq ft. To furnish the total office
area required, the tower therefore would have
to extend above the base 188,600/7,200 = 26
stories.

The building would have a total height of
12 + 26 = 38 stories. The base would provide a
gross floor area of 190,900 sq ft and the tower,
26 X 9,200, or 239,200 sq ft. The building
would then furnish a total floor area of
430,400 sq ft.

Construction cost of the building would be
430,400 X $100 = $43,040,000.

Step 5. Evaluation of Alternative 1 The es-
timated cost exceeds the $41,500,000 budget.
The gross floor area exceeds the 414,000 sq ft
permitted for a floor-area ratio of 18. Further-
more, the floor area per story in the tower is
much less than the 13,000 sq ft desired by the
owner and therefore is too small to be useful.
Alternative 1 consequently is unsatisfactory and
cannot be improved by value analysis. Loop
back to Step 3.
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Fig. 3.7. Sheer tower for Example 3.4, Alternative
2.

Step 3. Alternative 2 Consider a sheer tower
satisfying zoning regulation (3) (see Fig. 3.7).
As for Alternative 1, the service core would be
placed in Area 2 of the lot.

Step 4. Alternative 2 Model For a floor-area
ratio of 17, the total gross floor area permitted
is 17 X 23,000 = 391,000 sq ft.

Under zoning regulation (3), the tower is per-
mitted an area of only 50% of the lot area, or
0.50 X 23,000 =11,500 sq ft. This would re-
quire a building 391,000/11,500 = 34 stories
high. With a service-core floor area of 2,500 sq
ft, the floor area available in each story for of-
fices is 11,500 - 2,500 = 9,000 sq ft.

Step 5. Evaluation of Alternative 2 The floor
area per story in the sheer tower, being much
less than 13,000 sq ft, is too small to be useful.
The system cannot be improved by value anal-
ysis. Therefore, loop back to Step 3.

Step 3. Alternative 3 It appears to be impos-
sible to meet the owner’s objectives of a total
office floor area of at least 350,000 sq ft and
office floor area per story of at least 13,000 sq
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ft and also satisfy the zoning code. Therefore,
the owner’s objectives must be changed. or the
project will have to be abandoned.

The requirements that the presently owned lot
be used and for minimum floor areas appear to
be essential. The owner, however, need not
abide completely by the zoning code. Since the
owner is exempt from the city code require-
ments, objective 7 (see Step 2) could be re-
laxed. A more general objective would be:

7. Abide by the local building code and re-
spect the intent of the zoning code.

This change in objective would make possi-
ble a trade-off of additional space in the build-
ing and greater building bulk for more open
space for public use at street level. As a result
also, objectives 5 and 6 could be more readily
met.

To provide a large open area to serve asa plaza
at street level for public use, consider a sheer
tower with a major portion of it raised up above
street level on stilts, substantial columns (see
Fig. 3.8). The service core would extend from
the ground to the roof. The office floors would

Fig. 3.8. Shear tower on stilts for Example 3.4, Al-
ternative 3.

start at a level, say about 100 ft above the street,
that would be sufficiently high above the land-
mark museum not to cut off light and air move-
ments and to give the plaza a feeling of openness.

Step 4. Alternative 3 Model The floor area
per story in the tower can be selected in several
ways, since the constraints of the zoning code
on tower area have been relaxed. For example,
the area can be chosen mathematically by
equating the product of the unit cost, $100 per
sq ft, number of stories and floor area per story
to the owner’s budget, $41,500,000. But the
resulting structure might be bulkier than nec-
essary. So instead, select the minimum floor
area consistent with objective 3.

Thus, each tower floor would be assigned an
office area of 13,000 sq ft. The service core
would have an area of 2,500 sq ft, as for the
other alternatives considered. In addition, a
floor area of about 700 sq ft would be provided
to connect the service core to the office area.
Total floor area per story would then be 16,200
sq ft.

To furnish a total office area of 350,000 sq ft,
the number of stories required is 350,000/
13,000 =27.

Construction cost of the building is estimated
at $100 X 27 X 16,200 = $43,740,000.

Step S. Evaluation of Alternative 3 The
sheer tower provides the minimum total office
area of 350,000 sq ft, with at least 13,000 sq
ft of office per story. But the $41,500,000 bud-
get would be exceeded.

Step 6. Value Analysis To bring the construc-
tion cost within the budget, the floor area must
be reduced.

Alternative 3A. Floor-area requirements for
offices can be decreased by treating the 700-sq
ft area connecting the service core to the office
portion as office space. The former rectangular
office area can then be reduced to 12,300 sq ft
and the total floor area per story to 15,500 sq
ft. The building then would have a total area of
27X 15,500 =418,500 sq ft.

Alternative 3B. Floor-area requirements for
the service core can be decreased by reducing



the number of stories in the building. If, for
example, the 700 sq ft were added to, rather
than subtracted from the 13,000 sq ft, the
number of stories required would be 350,000/
13,700 = 25.5, say 25. More accurately then, a
25-story tower would provide 350,000/25 =
14,000 sq ft of office area per story. Total
floor area per story would be 16,500 sq ft, and
the total floor area in the building would be
16,500 X 25 =412,500 sq ft.

Step 7. Recalibration of Model

Alternative 3A. Construction cost would be
$100 x 418,500 = $41,850,000.

Alternative 3B. Construction cost would be
$100 x 412,500 = $41,250,000.

Step 8. Evaluation of Alternatives
Alternatives 3A and 3B provide both the re-
quired total office area and the required office
area per story. Both alternatives provide a plaza
at street level with an area of nearly 20,000 sq
ft, less the space required for the stilts. With
the office floors starting 100 ft above the plaza,
Alternative 3A would be about 420-ft high and
Alternative 3B about 400-ft high. These heights
would be about the same as those of neighbor-
ing office buildings. Also, both alternatives
would be set back from the joint property lines
with the museum. Thus, the alternatives meet
the first six objectives listed in Step 1.

Estimated construction costs of the alterna-
tives are close to the $41,500,000 limit. While
the estimated cost of Alternative 3A slightly
exceeds the budget, the excess is small and ac-
ceptable at this early stage of design.

The alternatives differ principally in bulk and
height. The relationship between these factors
and the zoning code must be taken into ac-
count in evaluation of the alternatives.

Alternative 3A has a ratio of floor area per
story to lot area of about 67%. Floor-area ratio
is 418,500/23,000 = 18.

Alternative 3B has a ratio of floor area per
story to lot area of about 72%. Floor-area ratio
is 412,500/23,000 = 18. The principal differ-
ence in the alternatives then is that Alternative
3B is two stories lower but occupies 5% more
of the lot.
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Step 9. Decision Alternatives 3A and 3B
meet objectives and constraints about equally
well but construction cost of either is very close
to the budgetary limit. Unit cost will have to
be kept below $100 per sq ft. A lower building
will facilitate this, because it will have less wall
area, shorter pipe and wiring runs, shorter
stairs, less costly elevators and lower structural
framing costs.

Recommend Alternative 3B, the 25-story
sheer tower on stilts, to the owner.

3.9. SYSTEM GOALS

Before design of a system can proceed, it is nec-
essary to have a definite design program, a list
of requirements to be satisfied by the system
and of conditions that exist before the system
is built. From information in the program, as
required by Step 1 of systems design (see Sec.
3.8), goals to be met by the system must be
defined.

Applied to system design, goals are desired re-
sults expressed broadly. They should encom-
pass all the design objectives, guide generation
of alternative designs and control selection of
the best alternative.

Goals may be classified generally as service or
interactive.

Service Goals

Service goals indicate what the system is to ac-
complish. They apply to such factors as func-
tion, or use, of the system, strength, aesthetics,
safety, and initial, maintenance and operating
costs.

Since Step 2 of systems design provides the
details of required system performance, the
statement of goals should be brief and to the
point. For example:

Given: Lot C in City D and construction bud-
get of $6,000,000

Design: A factory for the Widget Company
for production of 1,000,000 widgets annually
and an attached office area for three high-level
executives and 20 office workers.

Also, the statement of goals should be broad.
Goals that are too narrow may lead designers to
overlook favorable alternatives. For example,
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suppose that the system to be designed is an ex-
terior wall. Stating that the goal is a brick cur-
tain wall would be too restrictive and might
rule out suitable alternatives, such as limestone
or precast-concrete walls. A goal calling for a
curtain wall without restrictions, or either a
curtain wall or a load-bearing wall, generally
would be better.

Interactive Goals

Interactive goals indicate how the system will
affect the environment and other systems.

Environmental interactive goals are those con-
cerned with the response of the system to hu-
man needs and feelings. Buildings are for people;
hence, a building and its components should be
constructed to appropriate human scale. It
should be built with concern for the view of the
building from outside and the view of outside
from within the building. Also, while design
should recognize the importance of the client’s
needs and desires, the primary concern of de-
sign should be the health, welfare and safety of
building users, whether they be occupants, visi-
tors or the client’s employees. Another prime
concern should be the good of the community.
The building should not contribute unduly to
pedestrian and vehicular congestion or cause
shortages of resources. Discharges from the
building should neither pollute the air nor
bodies of water. Nor should the building exces-
sively restrict movement of air, block passage of
light, or interfere with communication signals,
such as radio and television, to neighboring
buildings. For these purposes, environmental
interactive goals, as applicable, should be speci-
fied to supplement the service goals.

Other interactive goals deal with the desired
effects of the system on other systems. For ex-
ample, a goal for an exterior wall might be light
weight, to lighten the load on the structural
frame. Or a goal for an electric lighting system
might be low power consumption, not only for
energy conservation directly but also to de-
crease the heat gain from the lights and thus to
lighten the load on the building cooling system.

Other Interaction

In addition to the statement of goals, Step 1
also should describe how the environment or

other systems will affect the system to be de-
signed. The descriptions might provide such in-
formation as lot location and size, land surface
and subsurface conditions, construction bud-
get, type of community, type of neighboring
buildings, streets and utilities.

When known at the start of the design, the
descriptions should be included in given infor-
mation. They need not be only verbal; maps
and photographs could be used.

When the information is not available, the ef-
fects may have to be assumed or estimated in
synthesizing alternative systems and in develop-
ing models. For example, during the concep-
tual design phase, when a building site might
not yet have been purchased, design might pro-
ceed on the assumption that the lot will be flat
and of ample size. When asite is purchased later,
the design might have to be revised to accord
with actual conditions. Similarly, during this
design phase, when subsoil explorations have
not yet been completed, design of the struc-
tural frame might proceed on the assumption
that ordinary spread footings can be used. If
the foundation investigations indicate otherwise,
the design would have to be revised. In both
cases, for the revised designs, the new informa-
tion becomes part of given information.

Example Goal

Given: Construction budget of $50,000 and lot
A, 100 X 100 ft, in a middle-class, residential
section of Suburb B. Well-drained land slopes
slightly toward the street side of the lot. Mu-
nicipal water and sewers are available on the
street side. Gas and electricity also are available
on the street side from underground lines of A
Gas & Electric Company. There are existing
houses on both sides of the lot and at the rear.
All are one-story high and have red brick walls
and hipped roofs. Entrances face the street.
(This information is given verbally here but in
practice would be provided on a survey map,
supplemented by photographs.)

Design: A house for Mr. and Mrs. Will B.
Homeowner and their two sons and daughter.
Children’s ages are 17,15 and 12.

The house should harmonize with the adjoin-
ing houses on the street.



Design must be completed within 90 days.
Construction must be completed within 180
days thereafter.

3.10. SYSTEM OBJECTIVES

An essential phase of Step 2 of systems design
is identification of system objectives (see Sec.
3.8). These are similar to goals. But whereas
goals are broad, objectives are specific.

An objective is a desired result achieving or
assisting in the achievement of one or more
specified goals.

Associated with an objective must be at least
one criterion or a range of values that indicates
that the objective has been met and that can
serve as a guide in evaluations of alternative
systems.

Expressed another way, an objective is a state-
ment of the response (output) required of a sys-
tem to specific conditions imposed on the sys-
tem (input). A criterion then is the range in
which the measure of the response must lie.
Thus, the response must be measurable but not
necessarily quantifiable. Any convenient mea-
surement scale may be used to measure it (see
Sec. 3.2).

Objectives for systems design usually may be
listed starting with broad generalizations and
then developed at more detailed levels to guide
design of the system.

Basic Objectives

There are several basic objectives that are gen-
erally imposed on building design. They spec-
ify that requirements of building codes, zoning
ordinances, subdivision regulations, utility
companies, fire marshalls, health departments,
labor departments, Occupational Safety and
Health Administration, etc., must be met. Since
these objectives occur so frequently, they may
be considered imposed by implication and not
listed with other objectives in Step 2. If they
were to be waived, however, an objective
should be listed to indicate the intent of a re-
placement. Also, where there may be some
ambiguity in applicability of a code or there are
some other reasons for specifying a code, an
objective should be given to indicate which
code building design must satisfy.
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Another set of basic objectives that should be
stated explicitly deals with costs and time.
These objectives should comply with the
client’s requirements and reflect the serious-
ness with which he views his proposed budget.
The objectives, for example, should indicate
whether initial, maintenance or operating costs,
or any combination of them, are to be mini-
mized. Also, the objectives should note
whether construction time is to be minimized.
Energy conservation may be an implied objec-
tive if covered by a legal regulation, or implied
by an objective concerned with minimization
of operating cost, or required by a specific ob-
jective.

In accord with the classification of goals as
service or interactive, objectives may be simi-
larly classified.

Service Objectives

A primary objective of building design is to
serve the needs of the client and building users.
Accordingly, a set of objectives must be pro-
vided to insure that those needs will be met. If,
for example, the building is a factory, objec-
tives must indicate the size, nature and relation-
ship of facilities needed for production; power,
water and other resources required; wastes,
smoke and heat that must be disposed of; and
environments that must be provided. Similarly,
if the building is a school, objectives must indi-
cate the size, nature and relationship of class-
rooms, lecture halls, study rooms, auditoriums,
gymnasiums, offices, library and other educa-
tional facilities needed; power, water and other
resources required; waste disposal; and envi-
ronments that must be provided. For building
components, similar objectives insuring that
functional requirements will be met must be
compiled.

Other service objectives should deal with spe-
cific characteristics of a building and its compo-
nents: appearance, strength, durability, stiffness,
operation, maintenance and fire resistance. Still
other objectives should be concerned with hu-
man aspects: safety; convenience in moving
about and in locating and using facilities; and
comfort, including thermal and acoustical. Ad-
ditional objectives usually are needed to specify
controls needed for operation of systems pro-
vided to meet the preceding objectives.
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Interactive Objectives

Those objectives that specify how the system to
be designed will affect the environment and
other systems are secondary to the preceding
objectives but nevertheless are important.

Environmental interactive objectives should
be specified to attain environmental interactive
goals, as explained in Sec. 3.9. In the interests
of public health, welfare and safety, these ob-
jectives seek to avoid pollution, to respect the
rights of neighbors, and to enhance community
life.

Additional interactive objectives are necessary
to attain goals concerning the effects of the sys-
tem on other systems, as explained in Sec. 3.9.

Sources of Criteria

As mentioned previously, at least one criterion
should be associated with each objective, to be
used as an indication that the objective has
been met. The criterion should apply to a mea-
sure of an appropriate system response. Cri-
teria may be chosen from any of numerous
sources, depending on the particular objectives.
Note that one criterion may be applicable to
more than one objective, while one objective
may be associated with more than one criterion.

Criteria for objectives related to legal regula-
tions, such as building codes, zoning ordinances,
health laws and labor department rules, usually
may be obtained from those regulations. Cri-
teria dealing with quality of materials and
methods of testing materials often may be se-
cured from specifications of ASTM (formerly
American Society for Testing and Materials) or
Federal Specifications. Criteria for such char-
acteristics of systems as strength and resistance
to deformation and for fabrication and con-
struction methods generally may be found in
industry codes of practice, such as those of the
American Institute of Steel Construction,
American Concrete Institute and American In-
stitute of Timber Construction. Also, criteria
may be obtained from recommendations of
professional societies, such as the American
Institute of Architects, American Society of
Heating, Refrigerating and Air-Conditioning
Engineers and Institute of Electrical and Elec-
tronic Engineers.

In some cases, it may be necessary to develop

criteria based on the owner’s feelings or esti-
mates of values to him of various system re-
sponses. Criteria applicable to aesthetics are of
this type. Alternatively, such criteria may be
derived from a consensus of the members of the
building team or of building users or others
who will be affected by the objectives. In other
cases, the only source of criteria may be the ex-
perience and judgment of the designers.

Relative Importance of Objectives

In addition to identifying the objectives of a
system, the designers and analysts also must de-
termine the relative importance of the objec-
tives. If money could be used as a measure of
importance, ranking of objectives would be
easy. Many system values, or benefits, how-
ever, are not quantifiable. Appearance is one
example. Comfort of building users is another.
Consequently, some means must be adopted for
weighting system values in accordance with im-
portance to the client, building users and the
public (see Sec. 3.3).

One method that has been used for doing this
is described in Sec. 3.2 (see Table 3.1). Other
methods have also been tried. (See, for exam-
ple, C. E. Osgood, G. J. Suci and P. H. Tannen-
baum, “The Measurement of Meaning,” Uni-
versity of Illinois Press, Urbana, Ill., and L. L.
Thurstone, “The Measurement of Values,” Uni-
versity of Chicago Press, Chicago, Il1.)

3.11. SYSTEM CONSTRAINTS

As indicated in Sec. 3.10, objectives and criteria
are related to system responses. When a system
is modeled, responses are represented by depen-
dent variables. The independent variables,
which represent the input to the system and
system properties, may be controllable by the
designer or uncontrollable (see Sec. 3.1). The
designer, however, may not be completely free
to select any values he desires for the control-
lable variables. There may be restrictions—legal,
economic, physical, chemical, temporal, psycho-
logical, sociological, aesthetic, etc.—that either
fix the values of these variables or establish a
range in which they must lie.

Constraints are restrictions on the values of
controllable variables that represent properties
of the system.



Associated with a constraint must be at least
one standard. A standard is a specific desired
value of a controllable variable. A minimum
standard is a value below which the variable
should not fall. A maximum standard is a value
that the variable should not exceed.

An example of a constraint is a building-code
requirement that the thickness of a one-story,
load-bearing, brick wall shall not be less than 6
in. In this case, 6 in. is a minimum standard.

Another example of a constraint is a health-
department regulation that when the outdoor
temperatures between October 1 and April 1
fall below 65°F buildings must be heated to
maintain a temperature of at least 68°F. In
this case, 68°F is a minimum standard. If the
client were to require that at no time should
temperatures in occupied areas, other than en-
tranceways, of a building exceed 77°F, that
temperature would be a maximum standard.

Sometimes, it may be difficult to distinguish
between objectives, which are related to re-
sponses, and constraints, which are related to
system properties. For example, costs may be
considered a response of a system or a property
of the system, depending on circumstances. A
restriction on cost may then be imposed ac-
cordingly either as a criterion for an objective
or a standard for a constraint. More specifically,
suppose an owner wished to minimize costs.
That would be an objective. If, instead, the
owner established a budget that must not be ex-
ceeded but did not care how much less than the
budget would be spent, there would be no ne-
cessity to minimize cost. Thus, the budget
amount would be a standard. Similarly, the
maximum permissible completion date for con-
struction would be a standard if the owner did
not care how much earlier the project were to
be completed. Another example is beauty,
which sometimes may be considered to be a re-
sponse of a system and sometimes, a system

property.

For Sections 3.8-3.11

References

D. Meredith et al., Design and Planning of Engineering
Systems, 2nd ed., Prentice-Hall, Englewood Cliffs, NJ,
1985.

Systems Design Method 87

S. Andriole, Interactive Computer Based Systems Design
and Development, Van Nostrand Reinhold, New York,
1983.

A. Gheorghe, Applied Systems Engineering, Wiley, New
York, 1982.

Words and Terms

Constraints

Criteria

Feedback

Goals: service, interactive

Loop

Objectives: basic, service, interactive
Standards

Significant Relations, Functions and
Issues

Steps in systems design, from data collection to specifi-
cation.

Analysis, evaluation, and comparison of alternatives.

Anticipation of feedback and looping in the design pro-
cess.

Purposes and relations of goals and objectives.

Importance of criteria in defining of objectives.

Sources of criteria.

3.12. VALUE ANALYSIS

As defined in Sec. 1.3, value analysis is an in-
vestigation of the relationship between life-
cycle costs and values of a system, its compo-
nents and alternatives to these, to obtain the
lowest life-cycle cost for an acceptable per-
formance.

Value is a measure of benefits anticipated
from a system response or from the contribu-
tion of a component to a system response. This
measure is used as a guide in a choice between
alternatives. Scales that may be used for value
measures are discussed in Sec. 3.2.

Life-cycle costs may be taken as the sum of
the present worth of initial, maintenance and
operating costs; or they may equally well be
taken as the sum of equivalent annual initial,
maintenance and operating costs. In either
form, life-cycle costs encompass money mea-
sures of such system characteristics as quality,
energy consumption and efficiency. Further-
more, initial, or construction, costs include tax,
wage, handling, storing, shipping, fabrication,
erection, finishing and clean-up costs, in addi-
tion to the purchase price of materials and
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equipment. Requiring life-cycle costs to be
minimized, therefore, is equivalent to requiring
that the sum of all the previously mentioned
component costs be minimized.

Value analysis requires that system values
(benefits) be balanced against the costs of pro-
viding them. Thus, value analysis is not merely
a device for paring down costs. Its aim is to go
as far as possible toward relevant goals and ob-
jectives while minimizing total cost. Conse-
quently, other values than economic ones often
must be considered. This requires determina-
tion of the relative importance of objectives
(see Sec. 3.10) and weighting of values accord-
ingly (see Sec. 3.2).

Weighting of values should reflect the serious-
ness with which the client views the construc-
tion budget. Often, the budget is established as
the maximum permissible construction cost. If
costs cannot be kept within the budget, the
project may be canceled. When the constraint
of the budget is a governing factor, minimiza-
tion of life-cycle costs, as desirable as it may be
as an objective, may not be realizable. In such
cases, a prime concern of value analysis is keep-
ing construction costs within the budget. Asa
result, space, quality, reliability and low energy
consumption may be traded off for initial cost
savings, with consequent higher maintenance
and operating costs and poorer aesthetic re-
sults. The client may plan on correcting these
at a later date, if possible, when funds become
available; or the client may be willing to accept
the adverse effects indefinitely as the price he
has to pay for current lack of suitable funds.

Steps in Value Analysis

Regardless of the design phase in which value
analysis is applied, the value analysts must be
thoroughly acquainted with the building pro-
gram, system goals, system objectives and cri-
teria, and system constraints and standards.
Through study of design drawings and specifica-
tions and proposed construction contracts, if
available, the analysts should also familiarize
themselves with the system or systems to be
analyzed. From information supplied by the
client and the system designers, the analysts
then should determine the relative importance
of the system objectives and weight values ac-

cordingly. The weighted values are to be com-
pared with estimated costs.

For the purposes of cost analyses and com-
parisons, cost estimators should develop and
calibrate cost models from records of costs of
previous similar systems. When a cost estimate
is obtained for construction of a system, the
result should be compared with the budget and
an indication obtained as to how much cost
cutting is needed. When the estimate is smaller
than the budget, further cost studies may not
be necessary but they still are desirable, to in-
sure that the client will be getting his money’s
worth.

With the aid of the cost models, the search
for ways to cut costs is facilitated. With com-
plicated systems, however, it may not be prac-
tical to investigate every component or even
every subsystem. Instead, the analysts should
identify target items for study. These may be
discovered through comparisons with previously
recorded costs of similar items. For example, a
subsystem whose cost represented a high per-
centage of the total system cost in a previous
system would be a good target. As another
example, a subsystem whose cost differed sub-
stantially from the cost of a similar subsystem
in a previous system would be a suitable target.

To cut costs, the analysts may seek to elimi-
nate components, substitute more efficient or
less costly components, or combine compo-
nents so that one component can serve the
purposes of two or more. The effects of the
changes on costs can be estimated with the aid
of the cost models. Because the changes are
also likely to affect system values, the analysts
should determine new weighted values for the
revised system. Costs and weighted values
should then be compared to provide a basis for
the decision as to whether the changes are
warranted.

The cost-cutting investigation should not be
restricted just to the system itself. The analysts
should review the building program, specifica-
tions and construction contracts as well as cri-
teria and standards to determine whether they
are essential, too restrictive, or in other ways
add unnecessarily to costs. If the analysts should
find that a change is necessary, they should re-
port this to the designers.

System changes recommended by the value



analysts will result in a new system. It should
be treated as indicated in Step 7 and subsequent
steps of systems design (see Fig. 3.4).
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Words and Terms

Benefit

Benefit-cost analysis
Life-cycle costs
Tradeoffs

Significant Relations, Functions and
Issues

Relative importance of separate objectives.
Relative flexibility of criteria and constraints.
Reconsideration of objectives based on value analysis.

3.13. OPTIMUM DESIGN
OF COMPLEX SYSTEMS

Section 3.1 points out that if optimization of a
system is an objective, preferably only one cri-
terion for the selection of the best system should
be chosen. The criterion may be expressed in
the form of an objective function [see Eq.
(3.5)]. The system, however, also has to satisfy
constraints, which may be expressed in the
form of Egs. (3.6).

For a complicated system, such as a building,
a direct solution generally is impractical. There
are too many variables and constraints. Also, it
may be necessary that other objectives, which,
while not the prime concern, also must be met.

Selection of Previously Used Systems

To meet the many objectives of a complicated
system, some designers recommend, without
thorough study, a system that has been used
previously and worked satisfactorily. They usu-
ally offer any or all of the following reasons for
this:

1. Design costs mount with time spent on de-
sign, and the design fee that the client is
willing to pay is not sufficient to cover
design costs for a thorough study.

2. The deadline for completion of design is
too close to permit a thorough study.
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3. Contractors quote lower prices for con-
structing systems that have been built be-
fore and build them faster and better than
systems with which they are not familiar.

4. The probability of getting successful re-
sults with a system that has been successful
in the past is very high.

These are good reasons and generally true. As
a result, the system chosen may sometimes be
the best for the client. It will actually be the
best if the system had been developed through
study and experience to meet certain objectives
and constraints and these all happen to be the
same as those of the client. Often, however,
the client has objectives that differ from those
of other owners or the constraints, such as bud-
get, building codes, zoning ordinances, founda-
tion conditions, or climate, differ from those
imposed on previous systems. In such cases, if
a system is selected without adequate systems
analysis, the client either will not attain his goals
or will pay too much for what he gets.

Trial and Error

An alternative that often is used to try to attain
optimization of a system is trial and error. In
many cases, this is the only feasible method, be-
cause of system complexity. (Simulation may
be considered a form of trial and error. See p.
63.) Trial and error involves selection of a ten-
tative system and a sequence of attempts to im-
prove it by changing controllable variables
while observing the effects on the dependent
variables. (See Example 3.4, p. 79.) The pro-
cedure has at least the two following disadvan-
tages:

1. It may have to be terminated before opti-
mization has been achieved, because of de-
sign time and cost limitations.

2. The nature of the initial system selected
may be such that, even if the system were
to be optimized, it still would not be the
optimum. For example, if a long-span
structural system was to be designed for
lowest cost and the initial system selected
was a concrete frame, optimization by
trial and error would lead to the lowest-
cost concrete frame. The true optimum,
however, might be the lowest-cost steel
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frame or the lowest-cost thin concrete
shell, and not a frame at all.

Recognizing these disadvantages, the de-
signers must rely on experience, skill, imagina-
tion and judgment in using trial and error to
attain optimization. The aim should be to ap-
proach the optimum if design costs and time
have to halt the design effort at any stage.

Suboptimization

The procedure most often used for a compli-
cated system, such as a building, is to try to at-
tain optimization of the system by suboptimi-
zation; that is, by first optimizing subsystems.
This procedure, however, for several reasons,
may not yield a true optimum. Usually, because
of the interaction of system components, de-
sign of a subsystem affects the design of other
subsystems. Hence, a subsystem cannot be
optimized until the others have been designed
and their effects evaluated. This usually makes
necessary a trial-and-error procedure for de-
sign, which has the disadvantages previously
mentioned.

For example, in optimizing structural costs,
minimum costs will not always be obtained if,
first, costs of roof and floor framing are mini-
mized and then column and foundation costs
are minimized. For, though column and foun-
dation sizes are determined by the load from
the roof and floor framing, the minimum-cost
roof and floor framing may be heavier than
other alternatives and thus require more costly
columns and foundations than would the alter-
natives. The total cost of the framing, there-
fore, may not be the optimum.

Sometimes, it may be possible to optimize a
system by suboptimization directly when com-
ponents influence each other in series. For ex-
ample, consider a system with three subsystems
(see Fig. 3.94). Subsystem 1 is assumed to have
a known input. This subsystem affects only
subsystem 2; that is, the output of subsystem 1
equals the input to subsystem 2. Similarly, sub-
system 2 provides input only to subsystem 3,
whereas subsystem 3 does not affect any other
subsystem. Hence, the subsystems are in series.

Suboptimization may be started with the end
component, subsystem 3, because optimization

of that component has no effect on input to
preceding components.

Subsystem 3, however, cannot be selected
immediately, because the input to it depends
on the design of the other subsystems and there-
fore is not known at this stage. To provide the
needed input information, preliminary designs
of possible optimum subsystems may be made
in sequence, beginning with the first subsystem,
subsystem 1, to obtain estimates of their out-
puts. With a potential input or a range of in-
puts assumed, one or more optimum designs
may be prepared for subsystem 3, the end sub-
system. Next, subsystems 2 and 3 can be op-
timized together for an assumed input or range
of inputs, with no effect on subsystem 1. Then,
the process can be repeated with subsystem 1,
the three subsystems being optimized in com-
bination. Since the input to subsystem 1 is
known, the optimum system can be selected
from the alternatives considered.

The procedure may be illustrated by a hypo-
thetical example. Assume that the system is a
one-story structural frame (see Fig. 3.9b) and
that inputs and outputs are loads (see Fig.
3.9¢). The roof would correspond to subsys-
tem 1 in Fig. 3.94, columns to subsystem 2
and footings to subsystem 3. As shown in Ta-
ble 3.2, p. 92, and Fig. 3.9¢, the load (input)
on the roof is 400 Ib. Load is transmitted in
sequence from the roof through the columns to
the footings. Cost of the whole structural sys-
tem is to be minimized.

Suboptimization therefore can be started
with the footings. The load on the footings,
however, is not known initially, because the
weight of roof and columns to be added to the
400-1b roof load cannot be determined until
they have been designed. So preliminary de-
signs of roof and columns are made to obtain
estimates of the probable weights. As indicated
in Table 3.2, three alternative designs are pre-
pared for the roof, 14, 1B and 1C (Step 1).
With the weights of those alternatives added to
the roof load, three alternative designs are pre-
pared for the columns, 24, 2B and 2C (Step 2).
A set of loads that might be expected to be im-
posed on the footings is now determined by the
output of Step 2.

Suboptimization, starting with the footings,
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Fig. 3.9. A system consisting of subsystems in series.

can now begin. Asshown in Table 3.2, optimum
footing designs, 34,, 3B, and 3C, are pre-
pared for the range of loads that might be ex-
pected (Step 1 of suboptimization). Costs are
estimated for each design. Next, for the range
of loads anticipated, columns are selected to
make the cost of columns and footings a mini-
mum (Step 2). Finally, for the load imposed
on the roof, which is given as 400 Ib, the roof
and framing are selected to make the cost of
roof, columns and footings a minimum (Step 3).
In this example, subsystem 1C, which has the
highest cost (82,700 - $1,000 = $1,700), is
selected for the roof, because, when combined

with optimum columns and footings, that roof
yields the lowest-cost structural frame.

Reference

F. Jelen and J. Black, Cost and Optimization Engineering,
2nd ed., McGraw-Hill, New York, 1982.

Words and Terms

Suboptimization
Subsystem
Trial and error
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Table 3.2. Suboptimization of a Simple Frame

Preliminary Design

Step 1 Step 2
Load Load
Load Subsystem + weight| Load Subsystem + weight
(input) type (output)| (input) type (output)
400 1A 2,700 | 2,700 2A 3,000
400 1B 1,800 | 1,800 2B 2,000
400 1C 800 800 2C 1,000
Suboptimization
Step 3 Step 2 Step 1
Optimum Lowest Optimum | Lowest Optimum | Lowest
Input subsystems cost Input | subsystems cost Input |subsystem | cost | Output
400 | 14,+2A4,+3A, | $2,800 | 2,700 | 24,+ 34, | $1,800 | 3,000 34, $1,000| 4,000
400 | 1B,+2B,+3B, | $2,900 | 1,800 | 2B, + 3B, | $1,400 | 2,000 3B, $800 | 2,700
400 1C,+2C,+3C, | $2,700 800 | 2C,+3C, | $1,000 | 1,000 3C, $600 | 1,500

Note. The lowest-cost system consists of the optimum subsystems of types 1C, 2C, and 3C.

Significant Relations, Functions and
Issues

Problems of selecting previously used systems.

Difficulties of optimization of complex systems.

Give and take of suboptimization; need for interactive
analysis.

GENERAL REFERENCES AND
SOURCES FOR ADDITIONAL STUDY,
CHAP. 3

These are books for general reference, grouped
under the five categories shown. References re-
lating to the individual chapter sections are
listed at the ends of the sections.
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Building Codes

Uniform Building Code, 1988 ed., International Confer-
ence of Building Officials. (New edition every three
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The Standard Building Code, 1988 ed., Southern Building
Code Congress International. (New edition every three
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EXERCISES

The following questions and problems are pro-
vided for review of the individual sections and
Chapter 3 as a whole.

Section 3.1

1. What is the most important requirement for
a model? What should be done to insure
that a model meets this requirement?

2. Compare the role of models in systems
analysis with that of hypothesis in the sci-
entific method.

3. What do iconic models and analog models
have in common?

4. What are the principal advantages of sym-
bolic models?

5. A beam with length L is attached with a
bolt to the top of each of two columns. One
column is placed at one end of the beam,
and the second column at a distance a (a
< L) from that end. A load P is set on the
unsupported end of the beam. Construct a
symbolic model that gives, for every load
P, the loads imposed on the columns. De-
fine the symbols used in the model. Test
the model to verify its validity, by (1) set-
ting a = L/2 and (2) letting a approach L
in magnitude.

6. (1) At the start of design of an industrial
building to produce 1,000,000 widgets an-
nually, the owner establishes a budget for
the project of $3,000,000. Studies of ex-
isting widget factories indicate that con-
struction costs, adjusted for time and re-
gional differences, ranged from $2,500 to
$3,500 per thousand widgets produced an-
nually. Is the project likely to be feasible?
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(2) The owner establishes an objective of
150,000 sq ft of floor area for the proposed
$3,000,000 widget factory. Studies show
that adjusted construction costs for similar
buildings range from $25 to $30 per sq ft
of floor area. Is the project likely to be
economically feasible?

7. During design of an office building with a
proposed floor area of 100,000 sq ft and
budget of $3,000,000, cost is estimated at
$16 per sq ft of floor area for architectural
components, $5 per sq ft for the structural
system and $12 per sq ft for mechanical
and electrical systems. To how many
square feet should the floor area be
changed to meet the budget?

8. Excavation for a 9 X 6-ft by 1-ft thick
concrete footing is predicted to take 2 hr
for a workman with payroll cost of $15 per
hour. Formwork for the footing concrete
is estimated to cost $40. Concrete and
reinforcing steel in place is expected to cost
$50 per cu yd of concrete. Overhead and
profit is assumed at 20% of material and
labor costs. How much will the footing
cost?

9. Cost records for an existing factory indi-
cate that building maintenance costs have
averaged $30 per year per 1,000 sq ft of
floor area. A similar proposed factory will
have 1,000,000 sq ft of floor area. Esti-
mate the average annual maintenance cost
for the proposed building on the assump-
tion that costs will increase 100% during
the service life of the factory.

Sections 3.2 to 3.4

10. If a businessman can get a rate of return of
15% annually by investing $10,000 in his
business, how much money will he have
at the end of 10 years if he reinvests the
return every year? Assume annual income
tax at 5% of the total invested each year.

11. A $200 blower purchased today is esti-
mated to have a salvage value of $20 after
5 years of service.

(1) For a rate of return of 10%, what is
the present worth of the blower?
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(2) What is the present worth of the sal-
vage value for a 10% return?

12. How much should capital recovery be each
year for 20 years if a building costs
$1,000,000 and the desired rate of return
is 10%?

13. An industrialist is contemplating installing
in his factory a labor-saving device at a
cost of $10,000. Annual savings of $5,000
will be sufficient to enable the industrialist
to recover his investment in 3 years,
though the device has a life of 10 years.
Show that the rate of return in the first 3
years will be about 23%.

14. (1) What is the present worth of annual

revenues of $117,460 for 20 years if
the rate of return is 10%?

(2) What is the present worth of annual
revenues of $117,460 continued indef-
initely if the rate of return is 10%?

15. How much should capital recovery be each
year for a $5,000 industrial crane if the
salvage value after 5 years is $1,000? As-
sume a 10% rate of return.

16. A factory is being designed with plans for
doubling its size after 10 years. The owner
wants an emergency electric power-gen-
erating plant installed. Two plans are being
considered:

Plan 1. Purchase equipment initially for the
planned future size of factory. The equipment
will cost $100,000 initially and will have a
probable life of 25 years, but no salvage value.
Annual maintenance and operating costs are
estimated at $12,000.

Plan 2. Purchase equipment for the initial size
of factory and add more generating equipment
when the factory is expanded 10 years later.
Initial equipment will cost $60,000. It is esti-
mated that the added equipment will cost
$80,000. In both cases, equipment is estimated
to have a life of 25 years with no salvage value;
but at the end of 15 years, salvage value is esti-
mated at $20,000. Annual operating and
maintenance costs are estimated to be $7,200
for the initial equipment and $14,400 for the
final installation.

Which plan will be more economical with an
8% rate of return?

17. A $50,000 house is initially designed with
no roof insulation. The HVAC installation
will cost $4,000. Maintenance and oper-
ating costs will be $700 annually for
HVAC. Addition of insulation in the roof
will result in the following costs:

INSU-
LATION HVAC  ANNUAL
THICK- COST COST HVAC
NESS, IN. INSTALLED INSTALLED COSTS
2 $100 $3,700 $600
3 $125 $3,700 $590
4 $150 $3,500  $585
5 $175 $3,500 $580
6 $200 $3,300 $575

What is the most economical insulation thick-

ness? Assume a 10% rate of return.

18. Incremental benefit-cost ratio for Alterna-
tive 1 over Alternative 2 is 0.86, and of
Alternative 2 over Alternative 3, 2.10.
Which alternative is best?

Section 3.5

19. Who enforces building codes?

20. A building code states that the minimum
size of copper electrical conductor permit-
ted is No. 14. An electrical engineer spec-
ifies a minimum size of No. 12, which is
larger and more costly, for a residence, al-
though calculations indicate that No. 14 is
more than adequate in some cases. What
justification does the engineer have for his
specification?

21. What document does a contractor need
from a building department before con-
struction of a building may start?

22. What document does an owner need to
show that he has building-department per-
mission to occupy a new building?

23. What are the principal differences between
specification-type and performance-type
codes?

24. Where would you find information as to
whether a wood school building may be
built along a specific city street?

25. What provisions do building codes contain
for prevention of spread of fire in any story
of a large building?



26. What provisions do building codes have to

insure egress for occupants in emergen-
cies?

Section 3.6

27.
28.

29.

30.

31.

32.

33.

What are the purposes of a zoning code?
What is the relationship between zoning
and subdivision regulations?

What two types of zoning regulations
should be checked to determine if a wood-
frame factory may be built on a lot front-
ing on a specific street?

A builder plans a 60-story building in a
city. The city zoning ordinance will ordi-
narily permit this height on the size of lot
owned by the building and the lot location.
What other zoning regulations should the
builder check?

A developer plans to erect 100 houses on
land zoned by a county for residential con-
struction. (1) What ordinance should the
developer consult for limits on minimum
lot size? (2) What regulations govern street
layout? (3) What regulations specify how
far each house must be from its lot lines.
A developer owns a 500-ft-long strip of
land, wide enough for only one row of
houses, along a street. The zoning code re-
quires a minimum frontage of 20 ft for lots
along that street. What is the maximum
number of lots into which the land may be
subdivided?

A builder owns a 10,000-sq ft lot. If he
provides a plaza at street level, the zoning
code permits a floor-area ratio of 15 if the
average area of each floor does not exceed
55% of the lot area. How many stories high
may a sheet tower be constructed on the
lot?

Section 3.8

34.

35.

36.
37.

What are the purposes of Steps 1 and 2 of
the systems design procedure?

What does Step 4 of the systems design
procedure accomplish?

What is the purpose of value analysis?
What action specifically does Step 9 call
for?

38.
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A one-story building with 2,500 sq ft of
floor area is to be enclosed with a 10-ft-
high exterior wall. If the wall is built in
straight sections, it will cost $8 per sq ft of
wall area; if built in curved sections, $10
per sq ft. Corners cost $250 each to build.
What shape should the building have in
plan and what should its dimensions be to
minimize construction cost?

Sections 3.9 to 3.11

39.

40.

41.

42.

43.

44,

45.

Explain the relationship between system
goals and objectives.

How does a system objective differ from a
system constraint?

What purposes do criteria serve with re-
spect to system objectives?

What purposes do standards serve with re-
spect to system constraints?

When a model of a system is formulated,
to what do criteria and standards, respec-
tively, apply?

A manufacturer of heavily advertised,
consumer products is the client for design
of an office building to be built along a
heavily traveled highway. He requires that
the building be a showpiece, because of
the advertising value to his products. In
this case, would beauty be an objective or
a constraint?

A factory is being designed for construc-
tion in an industrial park. The owner states
that it must be built for the least possible
cost and sets a tight budget. Management
of the industrial park, however, will not
permit buildings in the park that are not
sufficiently handsome to obtain approval
of its architectural committee. In this case,
would beauty be an objective or a con-
straint?

Section 3.12

46.
47.

48.

Basically, what is a system value?

Name at least three components of con-
struction cost of an installed window.
What kind of costs are included in life-
cycle costs besides initial cost?
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49.

50.

Describe two alternative ways of convert-
ing the components of life-cycle costs to
the same basis so that they can be added.
A change is being considered in a system
under design. If value is expressed in mon-
etary terms, what should the minimum ra-
tio of value added by the change to the re-
sulting cost increase be to justify an
improvement in the system? What should
the maximum ratio of value lost by the
change to the resulting cost saving be to
justify the change?

General

51.
52.

53.

54.

55.

56.

57.

Define systems design.

What steps in systems design are called for
by ‘‘Model the system and apply the
model’’?

What is the purpose of the objective func-
tion?

Why should interest rates be used in mak-
ing economic comparisons of alternatives?
A client owns a building that he expects to
sell in 5 years for $100,000. If the rate of
return is 10%, what is the present worth of
the building?

A client anticipates that he will have to re-
place his $500,000 building in 5 years.
Salvage value is estimated at $100,000.
How much money should the client put
aside annually at 6% interest to have
$500,000 in 5 years for purchase of a new
building?

Maintenance costs of a building are aver-
aging $30,000 per year. If the interest rate
is 6%, what is the present worth of these
costs for a 10-year period? What would the

present worth be if the costs continued in-
definitely?

58. An owner is considering two types of
buildings for a proposed factory. Reve-
nues from use of the buildings will not be
affected by his choice. Estimates for cost
of the alternatives are as follows:

BUILDING 1 BUILDING 2

First cost $100,00 $240,000

Life, years 20 40

Salvage value $20,000 $40,000

Annual

disbursements $18,000 $12,000
Rate of return, % 8 8

59.

60.

61.

Which building will be more economical?

In what legal documents should you look

for requirements for:

(a) Number of street-level exits from a
building?

(b) Minimum distance of a building from
a rear lot line?

(c) Height of building and number of sto-
ries?

(d) Minimum width of streets in a new de-
velopment?

(e) Electrical conduit to be used in a
building?

Why should building designers be familiar

with the requirements of OSHA for factory

conditions? Why should contractors be fa-

miliar with OSHA requirements?

Describe the advantages and disadvan-

tages of using standard plans and specifi-

cations for several buildings of the same

type for the same owner but to be con-

structed on different sites.



Chapter 4

Application of Systems Design to
Buildings

In Chap. 3, systems design is proposed as a pre-
cise procedure for development of an optimum
system. The method consists of six stages: data
collection and problem formulation, synthesis,
analysis, value analysis, appraisal and decision.
In addition to data collection, which could be a
continuous activity feeding information to every
design step, there are nine basic design steps
(see Fig. 3.4). These generally should be exe-
cuted in sequence; however, the procedure also
calls for loops from advanced steps back to
earlier steps and then ahead again, as new infor-
mation that can be used to improve the system
is generated.

In brief, systems design requires designers to
start with a list of goals, objectives and con-
straints. Criteria must then be established, as a
measure of system response, to indicate whether
or not objectives have been met. Also, stan-
dards must be set as a measure of the constraints
on properties of the system. Next, designers
must propose one or more designs that will sat-
isfy the objectives and constraints. With the aid
of models, the designers should analyze the pro-
posed systems and attempt to obtain an opti-
mum design for each. The alternative systems
should be evaluated and compared. After eval-
uation by the designers, one or more of the best
systems should be subjected to value analysis.
In this process, the systems may be changed to
improve their cost effectiveness or suggestions

for alternative designs may be proposed. In
either case, the designers should analyze the al-
ternatives, evaluate them and seek new improve-
ments. With this procedure, the design should
improve as new information develops and there-
fore should converge on the optimum for the
given objectives and constraints.

Application of systems design to buildings is
made difficult by the following factors:

1. A building is a very complicated system.
Design of any of its component systems
may affect the design of many, perhapsall,
others.

2. Design costs generally mount rapidly with
additional investigations of alternative sys-
tems. Design fees may not be sufficient to
cover the costs of numerous studies.

3. Time available for design often is limited
and thus restricts the number of investiga-
tions that can be made.

Systems design, therefore, must be adapted
to building design with these factors in mind.
This chapter describes one way of applying the
method to buildings.

The design process requires the designers to
make tentative decisions as various require-
ments are considered and various parts of the
system are tackled. The results of these deci-
sions must then be tested for validity against
the results of previous decisions. The resulting

97
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facility must be a well integrated unit, not just
an assembly of solutions to individual objec-
tives. Thus, every component or subsystem
should exist only to serve the purposes of the
whole system.

4.1. CONSIDERATIONS IN
ADAPTATION OF SYSTEMS DESIGN

For complex buildings, the probability is very
small that direct application of systems design
to whole systems will be completely successful.
There is so much interaction to such a high de-
gree among building components that usually
designers can attain an optimum building only
by suboptimization. This optimization proce-
dure, however, because of the effects compo-
nent systems have on each other, usually has to
be executed by further suboptimization or,
more likely, by trial and error. The latter pro-
cess requires that one or more alternatives be
synthesized, analyzed and evaluated, then dis-
carded, improved or replaced by other alterna-
tives, and the process repeated continuously in
a search for the best solution.

The trial-and-error approach to design has
long been accepted practice in traditional de-
sign. In fact, the traditional building procedure
described in Sec. 1.2 evolved over a long period
of time to handle the trial-and-error process
effectively. For the purpose, the traditional
building procedure provides a phased approach
to selection of a final system. The phases, vary-
ing from the general to the specific in sequence,
comprise:

1. A conceptual phase, in which alternative
building systems are synthesized and in-
vestigated. ‘

2. A design development phase, in which al-
ternative component systems are synthe-
sized and investigated.

3. A contract documents phase, in which de-
tails are worked out.

4. A construction phase, in which the build-
ing is erected.

The procedure gives designers an opportunity in
each phase to submit results to owners for ap-
proval and to start subsequent phases with
previous results approved.

There appear to be at least two good reasons

for adapting systems design to the traditional
building procedure. One reason is that, despite
the defects discussed in Sec. 1.2, it has worked
well in practice. The second is that building
designers are familiar with it and are more likely
to adopt modifications of it than to discard it
for something completely new with probable
higher design costs. Hence, the rest of this
chapter will be concerned with considerations
in adapting systems design to the traditional
procedure.

Design by Building Team

The greatest change in traditional practice re-
quired by systems design, in addition to the or-
derly step-by-step convergence to an optimum
design, is design by a building team, as discussed
in Sec. 1.4.

In traditional practice, a prime professional,
generally an architect, assumes responsibility
for building design. He is assisted by consul-
tants, each of whom works individually in ap-
plying his specialty to meet design objectives.
The prime professional correlates the work of
the specialists. Usually, however, there is little
or no effort to integrate their work to produce
economies by making one component serve
several functions.

In design by a building team, there still is a
prime professional but his prime task is to serve
as the team leader. Throughout design, all
members of the team contribute their knowl-
edge, experience, skill and imagination. Their
work is not only correlated but also guided and
integrated.  Also, since construction experts
and building operators may be members of the
team, the results of team design should be bet-
ter designs and buildings with lower life-cycle
costs.

Suboptimization in Building Design

Because of the complexity of buildings, opti-
mization usually is feasible only by suboptimiza-
tion. This process, discussed in Sec. 3.13, is
fraught with pitfalls. The most treacherous pit-
fall is that use of the process may give the im-
pression that an optimum has been attained
when the result actually may not be a true opti-



mum. Experience and judgment are the only
means of avoiding the pitfalls.

The technique of suboptimization of a system
with subsystems in series is likely to have limited
application in building design. Such subopti-
mization may be useful only for small subsys-
tems or subsubsystems, because most building
components affect or are affected by many
other components.

The general principle, however, may be
adapted to suboptimization of larger subsys-
tems where the effects of interaction are small
enough that the components may be treated as
if they were in series. Errors introduced by this
assumption then may be corrected, if substan-
tial, after the interaction effects have been
evaluated.

When construction duration and costs are im-
portant considerations, greater economies may
result from integration of subsystems than from
suboptimization of individual subsystems. Con-
sider, for example, a floor system composed of
a deck and beams, with lowest cost as the de-
sign objective. Optimization of the floor cost
conceivably could result in a more costly build-
ing. The design might be such that costs of in-
stalling HVAC ducts, placing electric wiring,
lengthening vertical pipe runs and building
higher exterior walls would be larger than with
other types of floors. Results closer to the true
optimum are more likely to be attained by in-
corporating ducts, wiring conduit and piping in
the floor system and optimizing that system.
Since knowledge of several specialties is re-
quired for design of the system, this example
points to the desirability of design by a building
team.

Construction Considerations

Whether traditional or systems design is used,
designers should take into account construction
conditions that not only normally exist but also
special conditions that are likely to exist when
the building is constructed.

For example, designers should insure that it
is feasible to fabricate and erect building com-
ponents as drawn and specified. For this, de-
signers need a knowledge of fabrication and
erection methods. In addition, a construction
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expert should check the designs as soon as pos-
sible, certainly before bids are requested. This
is only one of many useful services that can be
performed by the construction consultant on
the building team.

Another useful service that the construction
consultant can perform is to advise the other
team members of construction market condi-
tions that are likely to exist when the building
is constructed. He should forecast the availabil-
ity of materials and equipment that the design-
ers are considering specifying. There isno sense,
for example, in specifying a window type that
the manufacturer will be unable to deliver when
it is needed for the building. Also, the construc-
tion consultant should predict the availability
of contractors, subcontractors and labor that
might be required. Shortages of one type or
another not only might require substitutions
for specified materials and equipment but also
rescheduling of construction contract awards.

When the owner needs a building in a hurry
and design and construction time consequently
must be minimized, the construction consultant
should, in addition, assist in scheduling all
phases of the work to insure that the deadline
will be met at minimum cost.

Phased Construction (Fast Track)

Construction cost and project duration are
interrelated.

Cost increases when construction time sur-
passes the optimum. That happens because the
decrease in wages through use of fewer workers
is more than offset by constant overhead costs,
which continue as long as the building is under
construction, and because of the cost of de-
lays due to inefficiency, bad weather or other
causes.

Also, cost tends to increase when construc-
tion time is shorter than optimum. That hap-
pens generally because wages rise due to use
of more workers or overtime payments and
bonuses.

Usually, therefore, contractors strive to opti-
mize construction time.

Design, though, also influences construction
time, for designers can speed construction by
calling for systems that can be erected quickly.
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Also, designers can shorten project duration by
cooperating with the construction consultant
and construction contractors in a speed-up tech-
nique known as phased construction, or fast
track.

In this process, construction starts before de-
sign has been completed. Early phases of con-
struction are begun while later phases are still
being designed. Contracts are awarded for sub-
sequent phases as rapidly as design is completed.
For example, as soon as foundation drawings
have been completed, site work on the founda-
tions commences. As the floor framing plans
are finished, the contractor orders the structural
steel and concrete reinforcing bars needed.
Structural members for the lower floors of a
tall building are erected while the upper floors
are still being designed. Similarly, an early start
can be made on placement of exterior walls
and windows, construction of partitions and
even finishing operations.

Whether construction be normal or phased,
design and construction must be integrated.
The building team must work together as a unit
from project inception to completion to insure
that the owner attains his goals. Balancing de-
sign quality, construction cost and project dura-
tion, the team should aim at production of an
optimum product.

Prefabrication and Industrialized Building

As mentioned previously, designers can speed
construction by specifying components that
can be erected quickly. Designers have many
options for doing this.

One option is to specify systems that have
been coordinated so that they can be assembled
swiftly in the field without the necessity of cut-
ting them to fit.

Another option is to specify systems that
have been preassembled in a factory. Such sys-
tems are likely to have also the advantage of
better quality, because of assembly under con-
trolled conditions and close supervision. They
are likely to be lower cost too, because of mass
production, use of fast, powerful machines and
lower wages than those paid construction work-
ers. Preassembled systems are also known as

prefabricated components or, in the case of
concrete, as precast concrete.

Buildings formed with large preassembled sys-
tems are often referred to as industrialized
buildings. The goal generally is to employ to
the greatest extent possible, in shop and field,
the mass-production techniques that have proved
successful in factories. Before specifying such
buildings, however, designers should take pre-
cautions to insure that use of preassembly will
not be counterproductive. For one thing, de-
signers should check that the owner’s objec-
tives will be met and that constraints, espe-
cially building-code requirements, will be
satisfied. For another, they should verify that
shipping, handling, storing and erection costs
will not exceed savings in purchase price and
preassembly and that the systems will be deliv-
ered when needed.

Designers should bear in mind that traditional
building is difficult to compete with because it
often employs a form of mass, or assembly-line,
production. In factories, a product being as-
sembled usually moves past stationary workers,
who perform a task on it. In building construc-
tion, in contrast, the product is stationary and
the workers move from product to product to
perform the same task. The major disadvantages
of this type of production are limited use of
machines and uncontrolled environment (cli-
mate), which can halt work or affect quality.

Design Priorities

With many options open to them to speed con-
struction and cut costs, designers should logi-
cally consider the options in order of potential
for achieving objectives. A possible sequence
would be the following:

1. Selection of an available industrialized
building

2. Design of an industrialized building (if the
client needs many buildings of the same
type)

3. Forming a building with prefabricated
components or systems

4. Specification of as many prefabricated and
standard components as possible.
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5. Repetition of elements of the design as
many times as possible. This may permit
mass production of some components.
Also, as workers become familiar with
those elements, erection will be speeded.

6. Design of elements for erection so that
trades will be employed continuously.
For example, suppose designers of a multi-
story building were to call for a brick inte-
rior wall to support steel beams supported
at the other end by steel columns. Bricks
are laid by masons, whereas steel beams
and columns are placed by ironworkers.
Since the steel columns usually can be
erected faster than a brick wall can be con-
structed, the ironworkers will be idle while
waiting for the masons to finish. Thus,
this type of construction would be slower
than all-steel framing.

When to Apply Systems Design

In general, systems design may be used in all
phases of the building procedure. Systems de-
sign should start in the conceptual phase and
should be used continuously thereafter. The
procedure is especially advantageous in the early
design phases because design changes then in-
volve little or no cost.

In the contract documents phase, systems de-
sign preferably should be applied only to the
details being worked out in that phase and not
to revisions of major systems or subsystems.
Such changes are likely to be costly in that
phase. Value analysis, however, could be cost
effective when applied to the specifications and
owner-contractor agreements.

In the construction phase, systems design
should be applied only when design is required
because of changes that have to be made in the
plans and specifications. Time may be too
short, however, for thorough studies, but at
least value analysis should be used.
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Words and Terms

Building design team

Design priorities

Fast-track (phased construction)
Industrialized buildings
Prefabrication

Suboptimization

Significant Relations, Functions and
Issues

Phases of the traditional design procedure: conceptual, de-
velopment, contract documents, construction.

Use of suboptimization for complex systems; problems of
effective integration.

Overlapping of design and construction phases: fast-track.

Utilization of predesigned components and industrialized
buildings for faster design and construction.

4.2, ROLE OF OWNER

When systems design is used, the duties and
responsibilities of the owner during the building
process are substantially the same as for the
traditional building procedure. There are some
differences, however, in the initial steps.

Generally, the basic steps taken by an owner
in the process of having a building designed and
constructed are as follows:

1. Recognizes the need for a new building.

2. Establishes goals and determines project
feasibility.

3. Establishes building program, budget and
time schedule.

4. Makes preliminary financial arrangements.

5. Selects construction program manager or
construction representative to act as au-
thorizing agent and project overseer, un-
less the owner will act in that capacity.

6. Selects prime professional, construction
manager and other members of the build-
ing team.

7. Approves schematic drawings and rough
cost estimate.

8. Purchases a building site and arranges for
surveys and subsurface explorations to
provide information for building place-
ment, foundation design and construc-
tion, and landscaping.

9. Develops harmonious relations with the
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community in which the building will be
constructed.

Assists with critical design decisions and
approves preliminary drawings, outline
specifications and preliminary cost esti-
mate.

Makes payments of fees to designers as
work progresses.

Approves contract documents and final
cost estimates.

Makes final financial arrangements, ob-
tains construction loan.

Awards construction contracts and orders
construction to start.

Obtains liability, property and other de-
sirable insurance.

Inspects construction as it proceeds.
Makes payments to contractors as work
progresses.

Approves completed project.

10.

11.
12.
13.
14.
15.

16.
17.

18.

In many cases, there may be additional steps.
For example, the owner may have to make such
decisions as to whether or not phased construc-
tion must be used, whether separate contracts
or multiple contracts should be used or whether
the general contractor should also be the con-
struction manager, serving on the building team.
Note also that the steps may not all be exactly
in the order listed and that some steps may
overlap.

Some of the steps require additional comment.

Selection of Construction Representative

An early decision the owner has to make is
whether he will personally manage the con-
struction program—act as authorizing agent and
project overseer, provide information needed
for design and construction, make decisions,
approve plans, specifications and contracts,
engage surveyors and consultants, approve pay-
ments for all work and expedite design and con-
struction, if necessary—or will designate one or
more representatives to assume those duties. If
he decides to assign a construction representa-
tive, the owner nevertheless retains the power to
set goals, establish a construction budget and
completion date, and make final decisions, ap-
provals and changes.

For large and complex buildings, involving

expenditures of large sums of money, appoint-
ment of a construction program manager, who
manages both design and construction, or at
least a construction representative, usually is
desirable. Large corporations and public agen-
cies with a big construction program, for ex-
ample, often have a construction department,
from which a staff engineer is assigned to serve
as owner’s representative. For less complicated
buildings, the owner may not require a repre-
sentative but may rely instead for assistance on
the members of the building team. There usually
are additional fees, however, when the consul-
tants provide services in addition to their basic
services.

Selection of Building Team

The skills, knowledge, experience and imagina-
tion of the members of the building team are
critical to the results. Poor design can produce
a defective and inefficient building, high main-
tenance and operating costs or unnecessarily
high construction costs, or a combination of
these. The fees paid the consultants usually
are a relatively small percentage of the total
construction cost, and in any event, competent
designers can easily save the owner more than
the amount of the fees. Consequently, the
owner will find it advisable to engage the best
talents to serve on the building team.

In selecting the prime professional, who as-
sumes responsibility for complete design, the
owner should evaluate the firm’s technical qual-
ifications, experience, reputation, financial
standing, past accomplishments in related fields
and ability to absorb an additional work load.
In addition, the owner should learn whom the
firm will place in charge of the project to serve
as leader of the building team. The owner
should verify that this manager has the experi-
ence and the capabilities required for a team
leader, as outlined in Sec. 1.4.

Similar considerations should apply in selec-
tion of a construction consultant, construction
manager, or general contractor, or any other
member of the building team; but, in addition,
it is important that the owner learn whether
these professionals have demonstrated on past
projects a capability and personality suitable
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for teamwork. Those who have not should be
avoided.

Community Relations

Efforts to establish good relations with the
community in which a building is to be con-
structed should start before a site for the build-
ing is purchased. This is especially important
if changes in the zoning ordinance will have to
be requested to permit the type of building con-
templated. Before a variance will be granted,
the planning commission will hold public hear-
ings and solicit opinions from the community.
Hence, it is desirable to inform the public of
the nature and purpose of the proposed build-
ing and to indicate the benefits to and potential
harmful effects on the community. The report
should discuss objectively the environmental
impact anticipated, including effects on local
and regional economics, recreation, ecology,
aesthetics, housing and resources. Such infor-
mation, however, should be provided the public
even when zoning changes are not needed, be-
cause it will promote good public relations.

A public relations program is the responsibility
of the owner; however, the building team should
assist the owner, and if necessary, suggest and
guide the program, because poor public rela-
tions can halt or delay the project or produce
other adverse effects.

Goals and Program

Design cannot start until the owner establishes
the goals and objectives for the building. In
addition, the owner must give some indication
as to the relative importance of each objective
for use in evaluations of alternative systems.

Preparation of the building program, or list of
requirements for space, services and environ-
ment, is also the responsibility of the owner.
The building team will assist with the program,
but there usually is an additional fee for such
service.

4.3. CONCEPTUAL PHASE
OF SYSTEMS DESIGN

The conceptual phase of design is the start of
the search for the best system for a specific set
of objectives and constraints.

The purpose of the phase is to convert the
building program, goals, objectives, constraints,
data on site conditions and other relevant infor-
mation into a building system that has high
potential for client approval and that, if ap-
proved by the client, will be the basis for design
development.

The results of the phase should be schematics—
floor plans, simple elevations and sections,
sketches, renderings, perspective drawings or
models—and project descriptions that will give
the client a broad picture of how the building
and its site will look when completed. Accom-
panying these illustrations should be a rough
cost estimate to indicate the approximate cost
of the facility planned.

During the conceptual phase, many alterna-
tive designs may have to be investigated by the
building team. To begin, each member of the
team will generate initial concepts for his
specialty. Most likely, these concepts will have
to be adjusted or discarded as new information
is developed. Changes especially will occur on
interaction with concepts developed by other
members of the team. Eventually, some con-
cepts will stand out as being worth developing
in detail in the next design phase.

Since it is the purpose of the conceptual phase
to present a broad picture of the proposed
building, the design effort usually concentrates
only on important features, such as those ef-
fecting the goals, or functions, of the building,
those representing a high proportion of the total
construction or life-cycle costs and those hav-
ing significant effects on aesthetics, the environ-
ment and the community.

The effort involves all members of the team,
but one member usually plays a major role. For
ordinary buildings, such as houses, hospitals,
schools, office buildings and churches, an archi-
tect has this role. He has responsibility for aes-
thetics, environmental impact and planning the
functional spaces, and the areas used for activ-
ities and services. For more special types of
buildings, an engineer most likely will be as-
signed the role. For example, responsibility for
environmental impact and planning the func-
tional spaces may be assigned to a mechanical
engineer for an industrial plant, to an electrical
engineer for a power plant and to a civil engi-
neer for a sewage or water treatment plant.
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This team member initiates the design effort
by synthesizing one or more functional-space
systems to meet relevant objectives, constraints
and site information. His initial concepts are
provided to the other team members in the
form of floor plans and simple elevations and
sections, with other pertinent information.
After studying them, the consultants first offer
suggestions for improvement and later develop
schematic designs for their own specialties, such
as HVAC, structural and electrical systems, to
correlate with the proposed functional-space
system.

In the following discussions of the conceptual
phase, an ordinary building will be assumed as
the goal of design, in which case an architect
will play the major role in design. The proce-
dure when another team member plans the
functional spaces would not differ significantly.

Preliminary Information Needed

Before conceptual design can proceed, essen-
tial basic design data must be obtained from the
owner. The building team may have to call the
owner’s attention to the need for this informa-
tion and assist him in providing it. Predesign
information should include the following:

Feasibility Study. A feasibility study may be
made with the owner’s own staff or a building
committee, or with outside specialist consul-
tants or the prime professional for building de-
sign. The last alternative, often requiring pay-
ment of an additional fee for the study, has the
advantage of familiarizing the prime profes-
sional with the owner’s operations and general
requirements for the building. The study should:

1. Anticipate facilities needed.

2. Estimate construction and operating costs.

3. Make economic comparisons of proposed

facilities and of alternatives such as reno-
vation of existing buildings or leasing in-
stead of constructing a new building.

4. Anticipate capital financing requirements
and the feasibility of providing the funds
as needed.

. Estimate future personnel requirements.

6. Indicate resources or services, such as elec-

tricity, gas and transportation, required.

w

7. Indicate potential locations for the facili-
ties and pertinent requirements for mar-
kets, environment and legislation affecting
construction and operation.

8. Recommend a specific course of action.

If the feasibility study recommends a new build-
ing, design may proceed.

Building Program. The list of requirements for
the building should include the following:

1. Scope and type of project.

2. Relationship of the building to other build-

ings on the site or adjacent to the site.

. Characteristics of the occupants.

. Special requirements for the building.

5. Functional requirements, including circu-
lation of people, material handling and
work flow.

6. Priority of requirements.

7. Relationship of activities to be carried out
in the building pertinent to the location of
spaces for those activities with respect to
each other and the amount of flexibility
permitted in assigning the spaces.

8. Site development requirements.

9. Equipment to be supplied by the owner
and equipment to be supplied by the con-
struction contractor.

H W

Budget. The owner should generally indicate
the maximum amount of money he is willing to
pay for design and construction of the building.
He may also require that construction cost be
minimized or that life-cycle cost be minimized.

The budget usually is based on the sum of the
following estimated costs based on cost records
for previously built similar buildings:

1. Cost of spaces for activities and services, as
required by the program;

. Foundation costs;

. Cost of site preparation and improvement;

. Equipment costs;

. Contingency costs, including design fees,
inspection fees, costs of site surveys and
subsurface explorations, legal fees, financ-
ing costs, administration costs and costs of
changes during construction.

(2L ROV O]

Contingency costs generally are estimated at
about 15% of the sum of the other costs.
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In addition, since design and construction
may take one or two years or more, the budget
should make an additional allowance for rising
wages and prices and other inflationary effects
during that period.

Completion Date. The owner may set a dead-
line for completion of the project and occu-
pancy of the building. This deadline, in turn,
may impose restrictions on the time available
for building design. The deadlines may be nec-
essary because of commitments made by the
owner for use of the building, because of high
interest costs for financing over the period of
design and construction or because of revenues
desired from use of the building on its early
completion. In any event, a practical schedule
should be prepared as soon as possible for both
design and construction. The design schedule
preferably should allot reasonable amounts of
time to each of the design phases. The construc-
tion schedule, if possible, should permit con-
struction at normal speed to keep construction
costs at the optimum. If necessary, however,
phased construction may have to be used if
time allotted for construction is too short.

Management Decisions. The owner should
make as soon as possible some basic decisions
affecting the execution of design and con-
struction:

1. Whether to appoint a construction rep-
resentative or a construction program
manager.

2. Whether to engage a construction manager
or a construction consultant to serve on
the building team.

3. Whether phased or normal construction is
to be used.

4. Whether the construction contract will be
awarded to a general contractor, who will
engage all subcontractors, or whether sep-
arate contracts will be given to several
prime contractors.

S. Type of contract to be used—lump sum or
cost plus fixed fee.

6. Form of general conditions of the contract
to be used.

7. Whether design is to be executed by a
building team or by an architect assisted
by consulting engineers.

Predesign Activities. The prime professional
may organize a building team before preparing
a proposal for design of a building, after being
asked to do so by the client, or after signing the
design agreement with the client, depending on
particular circumstances. After being assem-
bled, the building team assigns personnel to the
project.

The first task tackled by the team is review of
the building program, construction budget and
construction schedule. Besides familiarizing
themselves with the requirements, the designers
also insure that it is feasible to comply with
them. Next, from the program and other in-
formation elicited from the owner, the prime
professional compiles the goals and objectives
for the project and provides the list to the team
members for study. Also, the team assembles
the constraints on design. From the objectives
and constraints, the designers develop criteria
and standards that the system must meet. In
the process, the team assembles and reviews
building codes, zoning ordinances, health de-
partment regulations, OSHA rules, etc. In ad-
dition, the prime professional informs the team
of the design schedule to be met. Finally, a
preliminary report of the environmental impact
of the project may be prepared by a team
member.

If a site for the building has not been pur-
chased, the prime professional may assist the
owner in selecting a site. If one has been pur-
chased, the owner should provide site informa-
tion, if necessary engaging for the purpose sur-
veyors and soil consultants. Members of the
building team also should visit the site to be-
come personally acquainted with conditions
there.

Design of Functional-Space System

As pointed out previously, an architect usually
has responsibility for planning the spaces re-
quired for activities and services. He should
find it worthwhile to apply the systems-design
approach to this task.

From the building program and other infor-
mation supplied by the owner, the architect
should compile a list of spaces that will be
needed and the approximate floor area that will
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be required for each space. The other members
of the building team should supply additional
information on spaces needed for their special-
ties. The architect also should allow space for
horizontal and vertical circulation, reception of
visitors, lounges, etc. Then, the architect should
compile other objectives and list constraints,
for which he should establish criteria and stan-
dards. Next, following the systems-design pro-
cedure, he should generate alternative systems,
model and evaluate them. Systems may be
judged by how well they meet objectives and
constraints, construction cost, operating effi-
ciency and space efficiency, as indicated by the
ratio of useful floor area to gross floor area.
The result should be schematic floor plans that
the architect should submit to the other mem-
bers of the building team and value analysts for
study and recommendations.

Example. As an example of the develop-
ment of a floor plan in the conceptual phase,
consider a one-story house with basement for a
family with two small children. The program
indicates that the main floor will have to con-
tain spaces for the 11 elements represented in
Fig. 4.1(a).

The family requires three bedrooms, BR 1 for
the parents and BR 2 and BR 3 for the two
children. Two bathrooms are needed, with ac-
cess to B 1 only from BR 1. The family also re-
quires a foyer at the front entrance, with access
to stairs to the basement. A kitchen is wanted,
next to the dining room and close to an en-
closed porch. In addition, the family would like
a large living room accessible directly from the
foyer.

From anticipated furniture, closet and activ-
ity requirements given in the program, areas of
the elements are estimated and shapes are as-
sumed as shown in Fig. 4.1(b). Then, the de-
sired relationships between spaces are noted in
table form (see Fig. 4.2).

In Fig. 4.2, the relative closeness desired and
the relative importance of proximity are indi-
cated, in the order of importance, by the letters
A, E, I, O, U and X. The reason for the deci-
sion is indicated by a number. For example, the
requirement that B 1 be next to BR 1 is indi-
cated by an A at the intersection of the row la-

OO ~
00.

ololob

BR 1 K DR
180 ft? 150 ft? 130 ft?
SN
BR 2 8 8 .
120 ft? P 1
LR
10" 350 Ft? 35 ft? 35 ft?
Foyer

BR 3

120 ft?
(b)
I Foyer l
K OR
B
BR 1 1
B
2 LR
[}
BR 2 BR 3
(c)
Fig. 4.1. (a) Schematic drawing indicating owner’s

basic needs for a one-story house with a basement.
BR = bedroom, B = bath, P = porch, LR = living
room, DR = dining room, K = kitchen. (b) Sche-
matic drawing made to indicate probable floor-area
requirements and room shapes to meet needs shown
in (a). (c) Schematic drawing showing desired rela-
tive locations of spaces to meet the needs shown in
(a).

beled Bathroom 1 and the column marked BR
1. The reason for the requirement is indicated
by the number 2 at the same intersection. In the
summary of reasons at the right in Fig. 4.2, 2
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Bedroom 1 BR 1 Value: Closeness:
A Absolutely necessary
Ak/ Velue E Especially important
Bedroom 2 / BR 2 1 Important
Te—o Reason 0 Ordinary
A 0 u Unimportant
Bedroom 3 / / BR 3 X Undesirable
1 4
A U U Reasons:
Bathroom 1 /2 / / 81 1. To observe small children
2. For privacy
U I I I 3. For quietness
Bathroom 2 / / / / B 2 . .
5 5 6 4, For supervisory convenience
5. For convenience of child
X X X I I 6. For plumbing economy
Kitchen / / / / / 7. F 1 .
3 3 3 6 6 . For general convenience
X X X u 0
Dining Room / / / / / / DR
3 3 3 7 7
X u u u 0 0
Living Room / / / / / / / LR
3 7 7 7
u u u u u u u
Stairs / / / / / / / / ST
u u u u 0 u u u
Enclosed Porch / / / / / / / / / P
7 7
X X X u u u E A u
Foyer / / / / / / / / / /
3 3 3 7 7 7

Fig. 4.2. Activity relationships for a small house.

corresponds to ‘‘For privacy.”” Similarly, the
requirement that the dining room be next to the
kitchen is noted by an A at the intersection of
the row for dining room and the column marked
K. The reason is ‘‘7. For general conve-
nience.”’

Figure 4.1(c) represents an early attempt to
place the elements shown in Fig. 4.1(b) in po-
sitions that satisfy the proximity requirements
of Fig. 4.2. With the elements in these places,
however, the room shapes do not lend them-
selves to formation of a regular shape for the
building. With modifications of the room
shapes, the floor plan shown in Fig. 4.3 re-
sults. If the rough cost estimate is within the
owner’s budget and the owner approves the

T
| Foyer I
BR 1 LB 1T K DR
12'x15! 13'X12' |10'X13"

B2
| I—| p

JI

10'x28"

_l: LR
BR 2 BR 3 147X26"
0x12' - [10'X12"

Fig. 4.3. Schematic floor plan with rooms located,
stairs positioned, corridors shown. Window loca-
tions have not yet been determined.

floor plan, it may be developed in greater de-
tail.

For multistory buildings, a floor plan may be
developed in a similar manner for each floor. If
several floors will be identical, however, a typ-
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ical plan may be prepared for them, and the
title of the drawing should indicate to what
floors the plan applies.

In the development of the floor plans, con-
sideration must be given to entrances to and
exits from the building, access to each floor and
internal circulation, or traffic flow. Also, the
floor plans must be developed in conjunction
with considerations of site conditions. For this
to be done, the placement of the building on
the site must be taken into account. Positions
of walks, driveways and parking areas must be
included in these considerations.

Information Flow

The flow of information in the conceptual phase
when the architect plays the major role is shown

in Figs. 4.4 to 4.7. In all cases, information
passes from the owner to the prime profes-
sional and other members of the building team.
Also, recommended concepts flow from the
members of the building team to the prime pro-
fessional and the owner.

Figure 4.4 shows the flow of information to
the architect for execution of his main tasks.
The diagram indicates that information given
the architect also is given to the other members
of the building team and that he confers with
them for comment and suggestions. He then
develops schematic architectural drawings,
which are submitted to value analysts for com-
ment and suggestions. Next, the drawings,
modified as required by the analysis, are re-
viewed by the building team. Finally, the
drawings, again modified as required by the re-

Prime

Professional

l

Architect Consultants
I N2 ¥ +
Activity Services Internal Exterior Placement External Automobile Site
Spaces Spaces Circulation Walls on the Site Circulation Parking Grading
[ Elevations, ‘
Architectural Renderings, Site
Perspectives,
Floor Plans Models Plan
Value
Analysis

Architect

Consultants

Prime

Professional

Fig. 4.4. Flow of information to and from the architect during conceptual design for an ordinary building.
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Ouner I | Ouner I
Prime Prime
Professional Professional
JL \lr Mechanical re
Consultants
Structural Consultants Engineer
Engineer l
Foundations Structural HVAC Plumbing Elevators and Controls
F s System System Escalators
raming
- Y Mechanical Plumbing Elevators and Control
Foundat.ion Framing Spaces Plans Escalators Center
Plans Plans Plan Plans Plans
Value Value
Analysis Analysis
Structural Consultants [Nechamcal Engxn@sultant:l
Engineer
Prime Professional
Prime
Professional

Ouner ]

Fig. 4.5. Flow of information to and from the struc-
tural engineer during the conceptual design phase
for an ordinary building.

view, are forwarded to the prime professional
and the owner for approval.

Figure 4.5 shows the flow of information to
the structural consultant for execution of his
main tasks. This diagram also indicates the in-
formation given the structural engineer is given
to the other members of the building team, too.
He then develops schematic structural draw-
ings, which are subjected to value analysis and
to review by the other consultants. Next, the
drawings, modified as required by the studies,
are forwarded to the prime professional and the
owner for approval.

Similarly, Figures 4.6 and 4.7 show the flow
of information to the mechanical and electrical
consultants, respectively.

Fig. 4.6. Flow of information to and from the me-
chanical engineer during the conceptual design
phase of an ordinary building.

Design of Systems

Each of the members of the building team
should apply systems design to the systems for
which he is responsible.

For illustrative purposes, Fig. 4.8 shows
possible steps in systems design of a structural
system for a multistory building. The diagram
follows closely the steps in Fig. 3.4 for general
systems design.

FOR SECTIONS 4.2 AND 4.3
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I Ouner

Prime

Professional
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Electrical

Consultants

Engineer
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! ! l L

Pouer Lighting Communication Controls
Systems Systems Systems
Electrical Lighting Communication Control
Spaces Plans Systems Center
Plans Plans Plans
Value
Analysis

~—
I Electrical Engineer L '| Consultants ]

Prime

Professional

Fig. 4.7. Flow of information to and from the elec-
trical engineer during the conceptual design phase
for an ordinary building.

Words and Terms

Budget

Building program
Feasibility study
Predesign activities
Prime design professional

Significant Relations, Functions and
Issues

Owner’s decision to maintain personal control or assign
management of design and construction to others.

Need to manage community relations for large projects.

Owner’s responsibility to establish goals and objectives for
the project.

Owner’s selection of prime design professional; related to
nature of project.

Critical management decisions of owner.

Obtain Program,
Architectural Floor Plans,
Wall Descriptions, Site Data

]

Review Goals, Objectives and Constraints
for the Building in General and Establish
Those for the Structural System

1

Select Spacing for Load-Bearing Walls, if Used,
and Columns, if Used, and Story Heights

lSynthesize a Floor Planl

LSynthesize a Wall or Column Systeml

lSynthesize a Lateral Bracing Systeml

ISynthesize a Foundation System

Model the Structural System
and Apply the Model

lEvaluate the Structural Systeml

Is
a Different
System with Improved
Performance or
Costs Possible?

LSpecify the Best System]

Fig. 4.8. Steps in conceptual design of the founda-
tions and structural framing.

Space analysis techniques for development of building
plans.
Flow of information in conceptual design phase.

4.4 DESIGN DEVELOPMENT PHASE
OF SYSTEMS DESIGN

After the client approves the schematic draw-
ings, project descriptions and cost projections,
the desirability of the building concepts pro-
posed is established. The technological feasi-
bility, however, is still open to question. Can
the system be made to function as presently
conceived? Can it be constructed with currently
available methods and equipment? Can it be
constructed speedily, efficiently and reliably at
expected costs and with low maintenance? If
the answers to these questions are negative, the
development of alternative concepts may be re-
quired, depending on what the designers learn
as they develop the design in greater detail.
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The purposes of the design development
phase therefore are:

1. To bring the proposed system into clearer
focus by determining materials to be used
for, and sizes of components of, the im-
portant features synthesized in the con-
ceptual phase.

2. To develop further the concepts of the
conceptual phase by proposing concepts
of other essential features and the mate-
rials and sizes to be used.

3. To determine the technological feasibility
of the developed design.

4. To prepare design drawings and project de-
scriptions that will be the basis for prepa-
ration of contract documents.

The results of this phase should be prelimi-
nary design drawings—floor plans, elevations,
sections, some details, renderings and perhaps
also a model—giving building dimensions and
showing locations of equipment, pipes, ducts,
wiring and controls; outline specifications and a
more refined, although still preliminary cost
estimate and construction schedule.

At the start of design development, the owner
and the building team should review the pro-
gram, objectives and constraints to insure that
they are all still valid. The owner should at that
time impose additional or special requirements
previously overlooked, if any are necessary.
The designers should verify compliance of the
schematics with the program and building and
zoning codes and with all other legal regulations.
In addition, the owner should supply more de-
tailed information concerning the site, if re-
quired, especially information on subsurface
conditions and soil types and properties.

In the conceptual phase, effort is concentrated
only on important features. In design develop-
ment, all systems must be determined and an-
alyzed. Additional elements to be specified in-
clude fire protection and other life-safety sys-
tems; security systems; lighting; telephone; pag-
ing systems;intercommunication systems; sound
control; conveyors, cranes and other material-
handling equipment; closed-circuit and cable
television; clocks; and such supplies as vacuum,
steam, heating gas, compressed air, oxygen and
distilled water.

111
Optimization

Each member of the building team develops the
design for his specialty (see Sec. 1.2), but be-
cause of the consequences of decisions by each
specialist, the team members must confer fre-
quently with each other and advise the others
of the current status of their designs. The de-
signers also should compare drawings of pro-
posed systems, to determine space require-
ments and tolerances and to eliminate
incompatible or undesirable situations. Flow of
information during the design development
phase is similar to that shown in Figs. 4.4 to
4.7.

The prime professional, with an overall view
of all team accomplishments, should insure in-
tegration of components and subsystems to
form the optimum system for the given objec-
tives and constraints. Initially, each team mem-
ber should apply systems design and endeavor
to obtain the optimum systems for his specialty.
The team should then examine the results to
see if the component systems when combined
form a true optimum.

At the start, the building system may be
treated as though it were composed of subsys-
tems in series. The functional-space system and
systems having small effects on the others (for
example, partition, electrical and plumbing
systems) may be tentatively considered true op-
timums. Then, the exterior-wall system may be
combined with those systems and optimized.
Next, the HVAC system may be combined with
the preceding combination and optimized. After
that, the structural system may be combined
with all the others and optimized. Finally, the
optimized result should be restudied as a sys-
tem to determine if integration of components
would produce a better system.

If an alternative system is not evident, the
cycle should be repeated. This cycle, however,
to make all the systems compatible, should start
with changes necessary in the functional-space
system, including internal circulation, and the
component systems that had been tentatively
treated as true optimums. These adjusted sys-
tems should then be optimized. Next, the ef-
fects of the new optimized systems on the
others should be determined and, if necessary,
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new optimum systems should be designed. If
changes are substantial, the cycle may have to
be repeated again.

At the termination of the second cycle and
subsequent cycles, if any, the results should be
subjected to value analysis. The building team
should then evaluate and act on suggested mod-
ifications and alternatives.

Costs and Time

Also, at the end of each cycle, an estimate
should be made of construction and life-cycle
costs and construction time. If any of these do
not meet objectives and constraints, the system
should be modified accordingly. If, for exam-
ple, construction costs are too high, the build-
ing may have to be made smaller, less expensive
materials or equipment may have to be speci-
fied, or some requirements may have to be
changed. If shortages of materials, equipment
or certain types of construction workers will
delay construction, substitutes should be
specified.

With more detailed information on the com-
position of the building and its equipment avail-
able than at the end of the conceptual phase, a
more accurate estimate of construction cost is
now feasible. The cost, for instance, may be
based on historical unit costs for each of the sys-
tems comprising the building. Typical elements
of the estimate would include items covered by
the general conditions of the contract and the
contractor’s fee, sitework, foundations, ma-
sonry, concrete, structural steel, ornamental
metal, carpentry, roofing, windows, doors,
hardware, glass, curtain walls, plaster and gyp-
sumboard, metal partitions, tile work, ceilings,
HVAC, elevators, plumbing, electrical system
and painting.

Specifications

Each member of the building team during the
design development phase should keep notes of
decisions made, the date they were made and
the reasons for them. The notes dealing with
materials and equipment to be installed should

be compiled as outline specifications. These will
form the basis for the final specifications.

Approvals

Important questions should be submitted to
the owner for decision as they arise. Also, the
owner’s approval of resources, especially fuels,
to be used should be obtained. Preliminary
drawings, outline specifications and preliminary
estimates of costs and construction time should
be submitted to the owner for approval at the
end of the second cycle and later cycles when
convergence or near convergence to the opti-
mum system is evident.

As drawings take final shape, designers should
obtain tentative approval of regulatory agencies
concerned, especially the building department
and zoning commission, state and local fire de-
partments and health department. In some
cases, opinions may be desirable from a state
labor department and the Occupational Safety
and Health Administration.

Mechanical and electrical engineers should ob-
tain the approval of all utility companies con-
cerned for service connections.

Significant Relations, Functions and
Issues

Basic purposes of the design development phase.

Cyclic integration by suboptimization in series and se-
quential combinations of subsystems.

Transitions to contract documents phase: outline specifi-
cations, preliminary drawings, preliminary approvals.

GENERAL REFERENCES AND
SOURCES FOR ADDITIONAL STUDY

These are general references for the chapter;
see also the references listed at the ends of
chapter subsections.

Architect’s Handbook of Professional Practice, American
Institute of Architects.

W. Caudill, Architecture by Team, Van Nostrand Reinhold
(out of print).

A. Gheorge, Applied Systems Engineering, Wiley, 1982.

F. Merritt, Building Design and Construction Handbook,
4th ed., McGraw-Hill, 1982.
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EXERCISES

The following questions and problems are pro-
vided for review of the individual sections and
the chapter as a whole.

Section 4.1

1.

10.

11.

12.

13.

14.

When systems design is used with the tra-
ditional building procedure, what are the
major changes required in traditional prac-
tice?

. What are the advantages of phased design?
. Why is teamwork desirable in systems de-

sign?

. What are the duties of the prime profes-

sional designer on the building team?

. Why is it desirable that structural, me-

chanical and electrical engineers cooperate
in design of a floor system?

What are the duties of a construction con-
sultant during design?

. Explain the variation of construction costs

with construction duration.

. What are the advantages of phased con-

struction?

. Why must design and construction of

buildings be integrated?

In what way does traditional field assem-
bly of buildings resemble factory assem-
bly-line production?

Discuss the advantages and disadvantages
of prefabrication.

What are the advantages of repetition of
components in building construction?
Why is it desirable that different building
components be dimensionally coordi-
nated?

A grocery store chain wants to construct
10 large identical market buildings in a re-
gion. If business then goes well, the chain
plans to erect more such markets. Use of
an industrialized building appears to have
good potential for this application. But in-
vestigation indicates that no design cur-
rently available is suitable for the client’s
needs. What should the building team rec-
ommend as the best alternative? Justify
your answer.

15.

A 20-story building has 18 floors with
identical structural framing. Framing for
the roof, however, could be lighter and less
costly than that for the floors. Discuss the
advantages of using the floor framing also
for the roof.

Section 4.2

16.

17.

18.

19.

20.

21.

22.

23.

What are the advantages to an owner of
engaging a construction representative to
assist him in administering design and
construction of a building?

What is the difference between duties of a
construction program manager and those
of a construction manager?

What information should a building pro-
gram provide?

Who is responsible for providing infor-
mation concerning the building site?

An owner employs a construction manager
for a building to be constructed. The man-
ager negotiates a contract for construction
with a general contractor. Who should sign
the contract and assume legal responsibil-
ity for payments for construction?

What are the advantages to an owner of
assigning to one member of the building
team the duties of prime professional?
What are some of the most important char-
acteristics that members of the building
team should have?

Why is a public relations program aimed
at the community where a building is to be
constructed important to the owner? To the
building team? When should the program
start? What should be its purposes?

Section 4.3

24.

25.

26.

217.

What is accomplished in the conceptual
phase of building design?

What are the primary design concerns in
the conceptual phase?

Describe briefly the basic predesign data
needed.

What design information should the build-
ing team provide for the start of the con-
ceptual phase?
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28.

29.

A one-story school building requires six
classrooms, each with a floor area of 700
sq ft, a 2,000-sq ft auditorium, a 2,500-sq
ft gymnasium, a 500-sq ft library, a 600-
sq ft cafeteria, two 60-sq ft toilets and a
1,000-sq ft administration area. Compile a
closeness table and draw a schematic plan
for the main floor.

At completion of the conceptual phase of
design, a building team has produced an
office building with a floor area of 100,000
sq ft.

(a) Estimate the construction cost if simi-
lar buildings in the same city con-
structed recently have averaged $40
per sq ft.

What would the estimate be if a pile
foundation is required and will cost
about $100,000 more than the spread-
footing foundations used for the other
office buildings?

What would the estimate be if costs are
expected to increase at a rate of 10%
per year during the 2 years the build-
ing (with pile foundations) will be un-
der design and construction?

(b)

©

30. Which member of the building team is re-

sponsible for drawings for:
(a) Exterior walls?

(b) Foundations?

(c) Plumbing?

(d) Telephone wiring?

(e) Site grading?

Section 4.4

31.

32.

What are the purposes of the design de-
velopment phase?

A construction consultant estimates that a
multistory office building with a structural
steel frame can be erected in 15 months at
a cost of $4,000,000. He also estimates
that the building with a concrete frame can
be constructed in 18 months at a cost of
$3,800,000. The owner anticipates a net
revenue of $100,000 per month when the
building is occupied. On the basis of this
information alone, which type of frame
should the building team recommend?



Chapter 5

Contract Documents and
Construction Methods

After owner approval of the preliminary draw-
ings, outline specifications, and preliminary
cost estimate and construction schedule, the
contract documents phase begins. In thisphase,
the building team develops working drawings,
specifications, and final cost estimate and con-
struction schedule. Design in this phase differs
from the traditional principally in closer co-
ordination of the work of the various specialists
and tighter integration of the building systems.
Changes of major systems are undesirable in
this phase because they will be time consuming
and costly. Systems design and especially value
analysis, however, may still be profitably ap-
plied to details being worked out, final specifi-
cations, and general and special conditions of
the contract.

After the owner approves the contract docu-
ments, construction contracts may be awarded
and construction may proceed. (In phased con-
struction, construction may begin before all
the working drawings and specifications have
been completed.) Design changes may be made
after construction starts, but they will be more
costly than if made before award of the con-
struction contract.

The contract documents are graphic and writ-
ten means of conveying concepts of the struc-
ture to the builders and assigning duties and
responsibilities during the construction phase.
The documents enable the owner to obtain the
building portrayed in them. They allow the

designers to indicate what is to be constructed.
They specify to the selected contractors the
materials to be used, the equipment to be in-
stalled and the assemblage of the materials to
produce the desired building. Also, the docu-
ments detail the payments to be made for this
work.

5.1. RESPONSIBILITIES ASSIGNED
BY THE CONSTRUCTION CONTRACT

The contract for construction is solely between
the owner and the contractor. The prime pro-
fessional (responsible for execution of design)
unless also the owner of the building, is not a
party to the contract. Nevertheiess, he prepares
some of the contract documents—the working
drawings and specifications—and assists the
owner in preparing the owner-contractor agree-
ment and conditions of the contract. For prep-
aration of the agreement and conditions of the
contract, legal counsel is at least desirable and
generally necessary. Contract law differs from
state to state, making it necessary to obtain in-
formation from the owner’s legal counsel re-
garding the law of the state in which the build-
ing is to be erected.

While it is feasible for an owner to make an
oral contract for construction of a building,
in general, this is very risky for both the owner
and the contractor. No construction should be
undertaken without a written contract. Simi-
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larly, all changes in the contract before bidding
and all modifications after the contract has
been awarded, including change orders, should
be in writing. Otherwise, costly disputes may
arise.

Contractor Responsibilities

A construction contract generally assigns the
following responsibilities to the general con-
tractor for a project to be built:

1. Performance of all work in accordance
with working drawings and specifications
and change orders issued by the owner.
Thus, the contractor also is responsible
for the performance of all subcontractors
and workmen.

2. Starting and completing the project on the
dates specified in the contract.

3. Quality of workmanship. The general con-
tractor is required to correct any work
that does not conform with plans and
specifications.

4. Payments of all taxes, fees, licenses and
royalties and for all labor, materials,
equipment, tools, utilities and other ser-
vices necessary. The general contractor
also is responsible for reimbursement of all
subcontractors he engages for work they
perform.

5. Securing all permits and fees necessary and
compliance with all legal regulations.

6. Checking and submitting for approval to
the owner or his agent all samples and
shop drawings as required by the plans and
specifications.

7. Use of safety measures and good house-
keeping on the building site, plus provision
of insurance coverage, to protect the
owner, building designers and other owner
agents against financial losses from prop-
erty damage or personal injuries to em-
ployees, visitors or the general public dur-
ing construction.

8. Cooperation with other contractors, if any,
engaged by the owner.

9. Providing access to the work to the owner
and his agents.

Owner Responsibilities

A construction contract usually assigns the fol-
lowing responsibilities to the owner of a project
to be constructed. (The owner may delegate
authority for carrying out these responsibilities
to one or more agents.)

1. Preparation of working drawings and
specifications that clearly define what is
to be built and either:

(a) Stipulate materials to be used and their
quality and the equipment to be in-
stalled or:

(b) Present performance requirements for
the building, its structure and in-
stalled equipment, but not both.

2. Approving work as completed, making de-
cisions that become necessary as work pro-
ceeds, approving subcontractors, approv-
ing samples and shop drawings, and issuing
instructions to the contractor. The con-
tract should indicate who has authority to
act as the owner’s agents during construc-
tion and the limits on the authority given
to each. Specifically, the contract should
make clear who has authority to issue on
the owner’s behalf instructions to the
contractor.

3. Payments to the general contractor for all
work, including changes and extra work
ordered by the owner. The owner also
may be required to pay for extra work
arising from unexpected conditions, such
as subsurface conditions on the site that
were not disclosed because of inadequate
or inaccurate information the owner
provided.

4. Furnishing surveys and subsurface infor-
mation concerning the site.

5. Securing and paying for easements in per-
manent structures or permanent changes
in existing facilities.

6. Inspection of the work to insure compli-
ance with the contract documents and re-
jection of nonconforming work. When
necessary, the owner should especially
advise the contractor of the likelihood of
cost overruns or late completion, when
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such conditions are discovered, and of the
need for better control of costs and time.

7. Supplying materials and equipment and in-
stallation labor not covered by the work-
ing drawings and specifications.

8. Provision of insurance against financial loss
from property damage and personal inju-
ries before, during and after construction.

Responsibilities of Owner’s Agents

The owner, while retaining the right to exert
his authority under the contract at any time,
may assign complete authority to act on his
behalf during construction to one agent or may
divide this-authority among several agents.

Public agencies and corporations that have
their own construction departments, for ex-
ample, may assign complete authority to a staff
architect or engineer. Some owners may give
the authority to a construction program man-
ager or to the prime design professional.

In some cases, authority may be divided be-
tween the prime professional and a construc-
tion representative or a construction manager.

The prime design professional, in any case,
has responsibility for preparation of working
drawings and specifications. The contract usu-
ally also assigns him the responsibility for inter-
preting these documents when the contractor
has questions or a dispute arises between the
contractor and the owner. The contract may,
in addition, oblige the prime professional to
inspect construction to insure compliance with
plans and specifications, approve samples and
shop drawings submitted by the contractor, and
to design work required by change orders dur-
ing construction. (These duties, which often
require payment by the owner of additional
fees, must also be covered in a separate owner-
designer agreement.) Responsibility for assess-
ing construction progress and authorizing peri-
odic payments to the contractor for work in
place, in some cases, may be assigned to the
prime professional or, in other cases, to a
construction representative or a construction
manager.

General administration of the construction
contract may, at the owner’s option, be as-
signed to the prime professional, a construction

representative, or a construction manager. The
contract administrator is given authority to is-
sue instructions, including change orders, to
the contractor on the owner’s behalf. He also
is assigned responsibility for approving subcon-
tractors. In addition, he is charged with respon-
sibility for insuring that costs are controlled,
that proper insurance coverage is maintained,
that the contractor complies with all legal regu-
lations, and that the project is kept on schedule.
If inspection duties are not assigned to the
prime professional, the contract administrator
will have to engage inspectors. Furthermore, he
or the prime professional may be given author-
ity to settle all claims or disputes between the
owner and the contractor; but under the con-
tract, such decisions may be subject to arbitra-
tion by outside parties named in the contract.

While some of these responsibilities may in-
volve a conflict of interest, many years of ex-
perience have indicated that professionals can
execute these duties responsibly and with fair-
ness to both parties to the contract.

What but Not How to Build

One aspect of the contract documents is worthy
of special note. They always endeavor to spec-
ify precisely what the designers intend to have
built. They avoid, whenever possible, instruc-
tions to the contractors concerning methods to
be used for construction. The reason for this is
that if the contractor uses the specified methods
and the results are unsatisfactory, the responsi-
bility for the unacceptable work falls on the
designer. On the other hand, if the contract
documents indicate only the results to be ob-
tained and leave the methods to be used at the
option of the contractor, the responsibility
for the outcome rests on him.

References
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Words and Terms

Prime design professional
Specifications
Working drawings

Significant Relations, Functions and
Issues

Responsibilities of the contractors.

Responsibilities of the owner.

Owner’s assigned agents: prime design professional, con-
struction representative, construction manager.

Basic function of contract documents: control of what is
built, not how it is built.

5.2 COMPONENTS OF
THE CONTRACT DOCUMENTS

Basically, the construction contract documents
consist of:

1. Owner-contractor agreement
. General conditions
Supplementary conditions
Drawings

. Specifications

Addenda

Modifications

N AW

The owner-contractor agreement indicates
what the contractor is to do, for how much
money and in what period of time.

The general conditions contain requirements
generally applicable to all types of building
construction.

The supplementary conditions extend or
modify the general conditions to meet the re-
quirements of the specific project.

The drawings show graphically the building -

to be constructed.

The specifications list the materials to be used
and equipment to be installed in the structure
and provide necessary information about them
that cannot easily be given in the drawings.

If it is necessary to make changes in the pre-
ceding documents before execution of the

owner-contractor agreement, the prime profes-
sional, who is responsible for design, issues on
behalf of the owner addenda incorporating the
revisions. These addenda should be given
simultaneously to all bidders so that all bids can
be prepared on an equal basis. Addenda are part
of the contract documents.

If changes become necessary after execution
of the agreement, the owner and the contractor
must agree on the modifications, which include
change orders and interpretations of drawings
and specifications. (See also Secs. 5.3 and 5.4.)

Project Manual

For the convenience of those concerned with
the contract documents, all the documents ex-
cept the drawings may be bound in a volume,
called a project manual, to provide an orderly,
systematic arrangement of project require-
ments. In addition, bidding requirements,
though not contract documents, are desirably
incorporated in the manual for the convenience
of bidders. Bidding requirements, which gov-
ern preparation and submission of proposals by
contractors, are described in Sec. 5.5.

Project manuals are generally organized as
follows:

. Table of contents

Addenda

Bidding requirements
Owner-contractor agreement
General conditions

. Supplementary conditions

. Schedule of drawings

. Specifications

e e e I S S

For large projects, however, a single volume
may be inconvenient. In such cases, some of
the divisions of the specifications, such as the
mechanical, or the electrical, or specialty items,

may be bound as separate volumes. Each vol-

ume should also contain the addenda, bidding
requirements, conditions of the contract, and
the division of the specifications that presents
general requirements.

Construction Contract Forms

A typical owner-contractor agreement is pre-
sented for illustrative purposes only. An agree-
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ment is a legal document and therefore advice
of an attorney in its preparation is advisable.

AGREEMENT

made this ___ day of in the year

BETWEEN

ABC Company, the owner, and
IMA Building Corp., the contractor.
The owner and the contractor agree as follows:

Article 1. The Contract Documents

The contract documents consist of this agree-
ment, conditions of the contract (general, sup-
plementary and other conditions), drawings,
specifications, all addenda issued before execu-
tion of this agreement and all modifications
issued afterward. All the documents form the
contract, and all are as fully a part of the con-
tract as if attached to this agreement or repeated
in it.

Article 2. The Work

The contractor shall perform all the work re-
quired by the contract documents for the ABC
Office Building to be located at
Street and Avenue,
State.

City,

Article 3. Prime Professional

The prime professional for this project is

Article 4. Times of Commencement
and Completion

The work to be performed under the terms
of this contract shall begin not later than
and be completed not later than

Article 5. Contract Payments

The owner shall pay the contractor for the
performance of the work, subject to additions
and deductions by change order as provided in
the conditions of the contract, in current funds,
the contract sum of

Article 6. Progress Payments

Based upon applications for payment sub-
mitted to the prime professional by the con-
tractor and certificates for payment issued by
the prime professional, the owner shall make
progress payments on account of the contract
sum to the contractor as provided in the condi-
tions of the contract as follows:

Article 7. Final Payment

The entire unpaid balance of the contract
sum shall be paid by the owner to the contractor
__ days after substantial completion of the
work unless otherwise stipulated in the Certifi-
cate of Substantial Completion, if the work has
then been completed, the contract fully per-
formed and a final Certificate for Payment has
been issued by the prime professional.

Article 8. Miscellaneous Provisions

Terms used in this agreement and defined in
the conditions of the contract shall have the
meanings designated in those conditions.

The contract documents that constitute the
entire agreement between the owner and the
contractor are listed in Article 1 and, except for
modifications issued after execution of this
agreement, are as follows: [Documents should
be listed with page or sheet number and dates
where applicable.]

This agreement executed the day and year first
written above.

Owner Contractor

The owner-contractor agreement specifies the
method of payment to the general contractor
for constructing the building. Consequently,
the payment method selected strongly influ-
ences the terms of the agreement and the condi-
tions of the contract. Contracts, therefore,
may be classified in accordance with payment
method as lump-sum, guaranteed-upset-price,
cost-plus-fixed-fee, or management contracts.

Standard forms are available for some of these
types. The American Institute of Architects,
for example, publishes standard forms for lump-
sum and cost-plus contracts. Some government
agencies and large corporations with extensive



120 Building Engineering and Systems Design

construction programs have developed their
own standard forms. The advantages of such
forms are that contractors become familiar
with them and readily accept them, and the
chances of omitting important requirements
are reduced. If modifications of a standard
form are required, the owner’s legal counsel
should draft the agreement.

General Conditions of the Contract

Applicable to building construction in general,
the general conditions are made a part of each
construction contract by reference in the owner-
contractor agreement (see preceding subsection
Construction Contract Forms). Because of
variations in local and project requirements,
extension and modification of the general con-
ditions usually are necessary. These are accom-
plished by also making special, or supplemen-
tary, conditions part of the same contract (see
next subsection).

If separate prime contracts are awarded, the
general conditions should be made a part of
each prime contract. For example, if the owner
should engage directly an electrical contractor
and a plumbing and heating contractor, as well
as a general contractor, the general conditions
should be incorporated into each contract.

A major portion of the general conditions is
devoted to descriptions of the rights, responsi-
bilities, duties and relationships of the parties
to the construction contract and their autho-
rized agents, generally as listed in Sec. 5.1.

The first article of the general conditions,
however, usually is broad in scope. It defines
the contract documents, the work and the proj-
ect. The article also points out that the con-
tract documents form the contract and indicates
how the contract may be amended or modified.
In addition, the article notes that the contract
documents are complementary, and what is re-
quired by any one shall be as binding as if re-
quired by all. (This clause is the reason why
requirements in the drawings should not be
inconsistent or conflict with those in the
specifications.)

Other requirements usually included in the
first article are that:

The owner and the contractor should sign at
least three copies of the contract documents.

The owner will furnish the contractor with-
out charge all copies of drawings and specifica-
tions reasonably necessary for execution of the
work. The drawings and specifications, being
the property of the prime design professional,
may not be used on any other project and
should be returned to him on request on com-
pletion of the work.

By executing the contract, the contractor rep-
resents that he has visited the site. Conse-
quently, it is presumed that he has familiarized
himself with conditions under which work is to
be performed and has correlated his observa-
tions with the requirements of the contract
documents.

On request, the prime design professional will
deliver, in writing or in the form of drawings,
interpretations necessary for proper execution
or progress of the work.

The final article of the general conditions
usually deals with circumstances under which
the contract may be terminated by either party,
other than by completion of the work, and de-
scribes the means for so doing.

Supplementary Conditions of the
Contract

Because requirements differ from project to
project, supplementary conditions are gener-
ally needed to extend or modify the general
conditions of the construction contract. The
supplementary conditions are made a part of
each construction contract by reference in the
owner-contractor agreement (see preceding
subsection, Construction Contract Forms).
They usually are prepared by the prime design
professional with the aid of the owner’s legal
and insurance counsels.

Nothing should be incorporated into the sup-
plementary conditions that can be covered in
the specifications. Being a well organized list-
ing of requirements, the specifications make it
easy for the various trades to determine what
work is to be done and what their responsibil-
ities and duties are. A requirement placed in
the supplementary conditions when it should
be in the specifications runs the risk of being
overlooked during construction.

The supplementary conditions may consist of
modifications of the standard form of general
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conditions as required for a project and of addi-
tional conditions. Any of many additional
conditions may be included. Among the more
common are provisions for substitution of
materials and equipment for those specified,
accident prevention, allowances for unpredict-
able items, and payments of bonuses to the
contractor for early completion of the project
or cutting costs or of liquidated damages by the
contractor for late completion of the project.
Also often included are provisions for bracing
and shoring, project offices and other tempo-
rary facilities, posting notices and signs, and
provision of water, electricity, temporary heat,
scaffolding, hoists and ladders during construc-
tion. In addition, the supplementary condi-
tions may deal with the influence of weather on
construction.

5.3. CONTRACT DRAWINGS

The construction, or working, drawings the
contractor uses to determine what is to be built
are given legal status by being made part of the
contract by reference in the owner-contractor
agreement agreement (see Sec. 5.2, Construc-
tion Contract Forms). The purpose of the
drawings, which are often also called the plans,
is to depict graphically the extent and charac-
teristics of the work covered by the contract.
The drawings are complemented by the speci-
fications, also part of the contract, in which in-
formation is compiled concering the building
and its components that cannot be shown
graphically.

Changes made in the drawings before the
owner-contractor agreement is signed are in-
corporated in the contract as addenda. Later
changes are included as modifications of the
contract.

The drawings show the site to scale and the
location of the building on the site. Sufficient
dimensions are given to enable the contractor
to position the structure precisely where the
designers intend it to be and to orient it prop-
erly. The drawings also show how the building
will look on the outside when viewed from
various angles. Plan views are included for each
level, from the lowest basement to the highest
roof, to show the arrangement of the interior.
Other drawings show the foundations, structural

framing, electrical installation, plumbing, stairs,
elevators, HVAC, and other components.

On every drawing, sufficient dimensions are
given to enable the contractor to locate every
item, observe its size, and determine how it is
to be assembled in the building. Overall dimen-
sions also are included. Where necessary, de-
tails are shown to a large scale.

Numbering of Drawings

All sheets should be numbered for identifica-
tion. The numbers also are useful in referring
the plan reader from one sheet to related in-
formation contained on another sheet.

The first sheet of the set of working drawings
is the title sheet. It contains the name of the
project, location, name of owner, project iden-
tification number and names of designers. Usu-
ally, it also provides a table of contents for the
drawings. It may also provide a list and expla-
nation of the symbols and abbreviations used
in the drawings. '

The following sheets are grouped in accor-
dance with the type of practice of the designers
who prepared them. The architectural sheets
are assembled in sequence and often are as-
signed a number prefixed with the letter A.
They generally are followed by the structural
drawings, each given a number with the prefix
S. Next come the mechanical drawings, often
with each plumbing sheet numbered in se-
quence with the prefix P and with each HVAC
sheet numbered in sequence with the prefix
HVAC. After that come the electrical drawings,
each assigned a number with the prefix E. If
other drawings are necessary, they follow and
are similarly identified by letters and numbers.
A typical sequence is indicated in Table 5.1.

Title Block

Each sheet carries at the bottom, usually at the
lower right-hand corner, a title block (see Fig.
5.1) that contains the sheet identification and
general information about the project and the
sheet. The title block prominently displays the
name and location of the project, the name and
address of the design firm responsible for the
drawing, and the sheet number. The block also
contains the project identification number, the
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Table 5.1. Suggested
Sequence of Contract Drawings

Title sheet
Table of contents, symbols, abbreviations

Architectural drawings
Topographical survey, site plan, landscaping plan
Elevations
Floor plans, starting with lowest basement
Roof plan
Sections
Details
Schedules

Structural drawings
Soil test borings
Foundations
Floor plans, starting with lowest floor
Roof plan
Sections
Details
Schedules

Mechanical drawings
Site plan
Plumbing plans
Plumbing details, schedules, and stack diagrams
Heating, ventilation, and air-conditioning plans
HVAC details and schedules

Electrical drawings
Site plan
Electrical power and lighting plans
Details and schedules

initials of the draftsman, the date of comple-
tion of the drawing, the initials of the person
who checked the drawing, the date the check-
ing was completed, and the date of issuance of
the sheet. In addition, the title of the sheet,
such as North Elevation, First Floor Plan, or
Details, is prominently displayed. Space is
also provided for listing revisions made at var-

Revision No.|Date Description
. Drawn Job No.
First Floor Plan pes
Hotel Chef:ed = Date issued
Palm Beach, Fla. o

A. Professional, AIA, Architect
Okeechobee Blvd.
West Palm Beach, Fla. 33409

Sheet No.
A4

Fig. 5.1. Example of title block for a drawing.

TEIT I L1
FTITTT 19

Fig. 5.2. (a) Plan view of part of a building (shown
here to a much smaller scale than that used on the
construction drawings). (b) Block plan of the build-
ing, with cross-hatching indicating the location in the
building of the plan view in (a). (The block plan is
shown to about the same scale as might be used on
the drawing.)

ious times on the sheet. Consultants may be
listed in the title block or nearby.

Additional necessary information is provided
near the title block. If the drawing contains a
plan view, a north arrow is shown. If a single
scale is used for the whole drawing, the scale, if
not given below the title of the sheet, should be
indicated near the title block. If the sheet
shows a plan that is only part of the overall
view, a block plan may be drawn to indicate the
location of the part shown on the drawing rela-
tive to the rest of the plan (see Fig. 5.2). When
necessary, a key may be provided to explain
notations used for identifying and locating sec-
tions and details. In the same area of the draw-
ing as the title block, other information re-
quired by the local building department or the
state boards of architecture and engineering
may be included, such as signatures and regis-
tration seals of the architectural or engineering
firm responsible for the drawing. The signature
of the owner or his representative accepting the
drawing should be adjacent to those signatures.

Notes and Schedules

The working drawings also contain notes and
listings of materials and equipment, called
schedules.

The notes support and explain some items
shown in the drawings. Because writing clutters
the drawings and because the information the
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notes contain may be overlooked during prep-
aration of a cost estimate or, even worse, during
construction, notes should be kept to a mini-
mum. Preferably, the information they would
provide should be incorporated in the specifica-
tions. (It is not advisable to put written infor-
mation both on the drawings and in the specifi-
cations, for emphasis, to prevent oversight or
for any other reason. Repetition can be the
source of inconsistencies and the cause of con-
flicts between the contractor and the owner.)

The schedules provide information that is con-
veniently tabulated, such as a listing of doors
and their types, sizes and hand; windows and
their types and sizes; room finishes; builders’
hardware; and structural columns and their
components and dimensions.

Relationship of Drawings and
Specifications

The working drawings and specifications, equal
components of the contract documents, com-
plement each other. They serve different pur-
poses.

The drawings are a diagrammatic represen-
tation of the building to be constructed. The
specifications are a written description (see Sec.
5.4). They present requirements that cannot be
readily shown graphically but can be conve-
niently expressed in words. Thus, specifica-
tions prescribe the type and quality of materials
required, the performance characteristics of
equipment to be installed, and workmanship
desired in installation of materials and equip-
ment. The specifications may also name ac-
ceptable sources from whom the contractor may
purchase the required materials and equipment.

Information provided by words on drawings,
such as notes, should be brief and general.
Notes should describe a type of construction
and its location and quantity required. The
specifications should expand on the character-
istics of the materials involved and the quality
of workmanship required for their installation.
For example, a note on a drawing may read
“Insulation.” The specifications will completely
describe the insulation, either by naming several
acceptable proprietary products and their
manufacturers or by giving a desired thermal
coefficient, indicating the desired physical state,

such as board, granular, reflective, or blanket,
and specifying quality requirements. The spec-
ifications also will dictate the method to be
used in fastening the insulation in the positions
indicated in the drawings and describe the re-
sults to be achieved.

Reference

AlA, Architect’s Handbook of Professional Practice,
American Institute of Architects.

Words and Terms

Addenda

Change orders

Contract documents
Contract drawings
Contract specifications
General conditions
Interpretations
Modifications
Owner-contractor agreement
Project manual
Supplementary conditions
Title block

Significant Relations, Functions, and
Issues

Components of the contract documents.
Articles of the owner-contractor agreement.
Relationship of drawings and specifications.

5.4 SPECIFICATIONS

The specifications for a building are made part
of the contract by reference in the owner-con-
tractor agreement (see Sec. 5.2, Construction
Contract Forms). A written description of
construction requirements, the specifications
complement the working drawings. Neither
takes precedence over the other.

Because specifications are a legal document,
specification writers tend to use language as
precise as lawyers use. Specifications, how-
ever, are primarily intended for the use of prime
contractors and subcontractors and should,
however, be written so that they can easily un-
derstand the requirements. Hence, specifica-
tions should be brief, clear, and precise. They
should be organized in an orderly and logical
manner, and generally accepted practices
should be followed.
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Master Specifications

Design organizations that have been in exis-
tence for several years build up a file of spec-
ifications. From these, they can develop a gen-
erally applicable type, called a master
specification. They adapt this to a specific
project by deleting inapplicable portions and
adding appropriate requirements.

Use of a master specification may be expe-
dited with computers. The master specification
can be stored in the computer memory. Parts
applicable to a specific project may be recalled
for viewing on a monitor, revised if desired or
expanded, then printed or stored for later print-
ing.

The American Institute of Architects estab-
lished in 1969 a nonprofit corporation, Produc-
tion Systems for Architects and Engineers,
Inc., which developed a computerized master
specification, called MASTERSPEC. Avail-
able to all professionals on an annual subscrip-
tion basis, the program enables a central facil-
ity to receive, maintain, evaluate and transmit
specification information in concise form. After
editing the master specification, the subscriber
can secure a computer printout from which he
can obtain copies needed, without any inter-
mediate typing steps.

Basic Principles

A fundamental concept is that specifications
should be in accordance with the general pre-
vailing practices in the construction industry.

Specification organization therefore should
correlate with the common practice in which
prime contractors prepare their proposals from
bids submitted by subcontractors. These bids
may represent as much as 85% or more of the
work for a project. Consequently, the specifi-
cations should be written and organized for the
convenience of subcontractors as well as for
prime contractors.

All items of work covered by the contract
should be specified in the specifications.

It follows therefore that every item shown on
the drawings should be prescribed in the spec-
ifications. This precaution will reduce the
chances of a subcontractor overlooking an item
that is required only by graphical depiction on

the drawings. As indicated in Sec. 5.3, Rela-
tionship of Drawings and Specifications,
however, the specifications should supply
complementary information, such as quality
and workmanship desired, not repeat the infor-
mation provided in the drawings, such as size,
shape, location and quantity required.

Specifications should be divided into sec-
tions, each applicable to part or all of the work
of only one subcontractor.

Each item of work covered by the contract
should be treated once, and only once, in the
specifications, and only in the appropriate sec-
tion.

Each section should give the scope of and fully
describe the work to be performed by the sub-
contractor. Separate sections also should be
provided for work to be performed by the
prime contractors.

When a subcontractor may perform different
construction operations, a separate section
should be devoted to each operation. For ex-
ample, a masonry subcontractor may lay brick,
concrete block, glass block, structural clay tile
and similar materials. A single section dealing
with all of these would be too complex and
omissions and duplications might go undiscov-
ered. Preferably, a separate section should be
provided for each type of work.

Divisions

For convenience, related sections are grouped
into divisions. The divisions, in turn, usually
are organized in accordance with the Uniform
Construction Index favored by the Construction
Specifications Institute and others. Recom-
mended divisions and their sequence are given
in Table 5.2.

The first division, general requirements,
deals with items of the contractor’s work that
are general in nature. The division should pro-
vide a summary of the work to be done by the
contractor, work to be done by other contrac-
tors, and work to be postponed. Materials and
equipment to be provided by the owner should
be listed. Whether construction will be per-
formed under a single general contract or under
separate contracts should be indicated. Also, a
description of the site should be included. In
addition, the division should indicate how tests,
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Table 5.2. Recommended Divisions
of Specifications

Table 5.3. Recommended Format for
Technical Sections

. General requirements
. Site work

. Concrete

. Masonry

. Metals

. Wood and plastics

. Thermal and moisture protection
. Doors and windows

. Finishes

10. Specialties

11. Equipment

12. Furnishings

13. Special construction
14. Conveying systems
15. Mechanical

16. Electrical

O oV WnH WK —

reports and construction progress schedules
should be handled, and how allowances and al-
ternates should be treated. Furthermore, refer-
ence should be made to applicable building
standards, such as those of the American Na-
tional Standards Institute, ASTM, American
Institute of Steel Construction, and American
Concrete Institute.

There may be some difficulty in deciding
whether an item should be dealt with in sup-
plementary conditions to the contract or in the
specifications. In general, if the requirements
can logically be included in the specifications,
preferably they should be placed there. If,
however, the item is of a legal nature, closely
related to the general conditions, especially an
extension of them, it should be incorporated
into the supplementary conditions. If the item
concerns the work of the contractor at the site,
the item should be treated in Division 1 of
Table 5.2.

Sections

Each division is composed of sections. Those in
the divisions after Division 1 deal with specific
construction operations and are often referred
to as technical, or trade, sections. Every sec-
tion should be assigned a number indicating its
sequence in its division and a title indicating the
work the contractor or subcontractor is to
perform.

It is advantageous to standardize the format

Preface: reference to conditions of the contract and

Division 1

General provisions

Scope of the work: materials or equipment to be

furnished and installed under this section; ma-
terials or equipment furnished but not installed;
materials or equipment installed under this
section but not furnished under this section

Notes
Quality control: necessity for prior approval of ma-
terials or equipment; industry standards to be
met
Delivery and storage of materials or equipment
Protection and cleaning

Materials or Equipment
Acceptable manufacturers
Substitutions: prohibition or procedure for obtain-
ing approval
Specifications for materials or equipment

Fabrication, Installation, and Testing
Closeout and Continuing Requirements
Schedules
Inspections
Guarantees, warranties, and bonds
Closeout

Submissions: samples, shop drawings, test reports,
maintenance and operating instructions

Alternates

of technical sections, because then contractors
become familiar with the arrangement and are
likelier to make fewer mistakes in preparing
proposals and in performing the work. Be-
cause of the wide variety of work involved in
building construction, however, variations from
a standard format often are desirable for simpli-
fication, clarity, and convenience. Table 5.3
gives a recommended format.

For legal reasons, it is desirable that each tech-
nical section be prefaced with the statement:
The general provisions of the contract, includ-
ing the conditions of the contract and Division
1, as appropriate, apply to the work specified in
this section.

Since a separate subcontract is concerned
with each section, this statement insures that
the subcontractor has been informed that the
conditions of the prime contract and Division 1
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are part of his subcontract. Thus, those re-
quirements are given only once in the project
manual and need not be repeated for each
section.

Types of Specifications

The material or equipment specifications in the
technical sections may be written in any of sev-
eral different ways. Types of specifications
that are used include performance, descrip-
tive, reference, proprietary, and base-bid
specifications.

Performance Specifications

This type defines the work by specifying the re-
sults desired. It does not give dimensions, spe-
cific materials, finishes, nor methods of manu-
facture. It does not tell the contractor how to
do the work. The specification delegates to the
contractor the responsibility for the design or
selection of the product and determination of
the method of installation. He has complete
freedom to employ his knowledge and experi-
ence to achieve the results itemized in the speci-
fications. The prime design professional has the
task of evaluating in detail each bidder’s pro-
posal to determine whether the items proposed
by the bidders will meet the performance re-
quirements and of recommending the best pro-
posal to the owner. Because of the difficulty of
evaluating results and the undesirability of with-
holding payment from the contractor until re-
sults have been determined, the contract should
obligate each prime contractor to supply the
owner with a written guarantee that labor and
materials furnished and work performed are in
accordance with the requirements of the con-
tract. The guarantee should apply for at least 1
year. In a similar fashion, the prime contractor
should get guarantees from fabricators, manu-
facturers, and subcontractors who supply prod-
ucts or perform the work.

To illustrate the type of requirements that
might be incorporated in a performance speci-
fication, the following is an example of what
might be written for insulation for a hot pipe:

Pipe insulation shall be completely in contact
with the pipe, fully enclosing it, and firmly
fastened in place. Thickness of the insulation

shall not exceed 1 in. The insulation material
shall have the following properties: Passage of
heat through the material shall not exceed 0.30
Btu per hr per sq ft per °F. It shall be suitable
for use at temperatures up to 1,200°F without
mechanical failure. The material shall be in-
combustible, insoluble in water, odorless, ver-
minproof, rotproof, mildewproof, strong enough
to resist light wear and light accidental blows
without permanent deformations or damage,
and capable of retaining its shape in normal
usage.

The architect or engineer who writes such a
specification knows of at least one material that
meets the specification requirements and also
knows the generally accepted practice of instal-
ling it. If the contractor proposes that material
and installation method, he will obtain ready
approval. If he proposes a different material or
method, the architect or engineer will have to
determine whether specification requirements
will be satisfied and will make a comparison of
properties and costs with those for the material
that was contemplated when the specification
was written.

Because of the difficulty of writing and evalu-
ating performance specifications, many specifi-
cations are a combination of this type and an-
other type, usually the descriptive type.

Descriptive Specifications

This type describes the components of a prod-
uct and how they are to be assembled. Every
material is identified; the structure is fully de-
scribed; the method of fastening is specified;
and the sequence of assembly is prescribed.
The contractor is required to furnish and install
the product in accordance with the description.
If the installation passes inspection, responsi-

-bility for functioning and performance of the

product rests on the specifier. Consequently,
unless the specifier is certain that the product,
when properly installed, will function properly,
he should not use a descriptive specification.
The following is an example of a descriptive
specification for insulation for a hot pipe:

Pipe insulation shall be of the block (sectional
and segmental) type, molded of a chemically re-
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acted hydrous calcium silicate consisting of at
least 75% hydrous calcium silicate and between
15 and 20% graded asbestos fiber. The fiber
shall be well distributed so that neither material
shall be in excess in samples taken at random.
The insulation material shall be suitable for use
at temperatures up to 1,200°F without me-
chanical failure. Average density shall be about
11 Ib per cu ft, oven dried. Modulus of rupture
shall average 50 psi for three samples 6 in. wide
and 1% in. thick supported on a 10-in. span and
carrying a midspan concentrated load distrib-
uted over the width of the block. Maximum
linear shrinkage should not exceed 1%% when
the material is heated to 1,000°F for 24 hr.
The material shall be insoluble in water. Con-
ductivity at 200°F should average 0.44.

Reference Specifications

This type may be basically a performance or
descriptive type but may refer to a standard
specification to indicate properties and quality
desired and methods of test required. Standard
specifications usually adopted by reference in-
clude those of the American National Stan-
dards Institute, ASTM, and the federal govern-
ment. Following is an example of a reference
specification:

Cement shall be portland cement conforming
to ASTM C150-86, ‘‘Standard Specification for
Portland Cement,”” Type 1.

Many companies manufacture products to
conform to such standard specifications and
will furnish, on request, independent labora-
tory reports substantiating the performance of
their products. Such products can be specified
with confidence that minimum requirements
will be met.

Proprietary Specifications

This type specifies products by trade name,
model number, and manufacturer. It eliminates
the task of determining whether a product meets
specification requirements. Use of this type of
specification is risky ,however, because a lengthy
period may elapse between writing of a speci-
fication and ordering of the product, during
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which time the manufacturer may make unde-
sirable changes in the product. Another disad-
vantage is that proprietary specifications may
permit use of alternative products that are not
equal in every respect. Hence, when such speci-
fications are used, the specifier should be fa-
miliar with the products and their past perfor-
mance and with the reputations of the
manufacturers and the subcontractors in servic-
ing those products.

Naming only one proprietary product as ac-
ceptable in a specification is very risky. If the
product should not be available when needed
for construction, the work may be delayed un-
til a suitable substitute is obtained. Also, with
only one product considered acceptable, there
is no price competition for furnishing it, and
costs therefore may be unduly high. Conse-
quently, two or more names should be provided
for each product to insure competition and
availability. Permitting the use of a product
“or equal” is not satisfactory because the pro-
posed equal may not actually be so.

Base-Bid Specifications

This type indicates acceptable products by list-
ing at least three trade names and correspond-
ing model numbers and manufacturers, but the
bidder is permitted to offer substitutes. The
bidder is required to prepare his proposal with
prices from the named suppliers as base bids
and to indicate for each proposed alternate the
price and properties. The owner selects the
product to be used. Base-bid specifications of-
fer the greatest control of product quality.

References

Architect’s Handbook of Professional Practice, American
Institute of Architects.

H. Meier, Construction Specifications Handbook, Pren-
tice-Hall, 1983.

C. Dunham et al., Contracts, Specifications, and Law for
Engineers, 3rd ed., McGraw-Hill, 1979.

Words and Terms

Base-bid specifications
Descriptive specifications
Master specifications



128 Building Engineering and Systems Design

Performance specifications
Proprietary specifications
Reference specifications
Uniform Construction Index

Significant Relations, Functions, and
Issues

Standard divisions of the specifications, based on the Uni-
form Construction Index.

Types of specifications: master, performance, descriptive,
reference, proprietary, base-bid.

5.5 BIDDING REQUIREMENTS

Bidding documents and requirements are in-
corporated in the project manual for a building
to be constructed to inform prospective bidders
of all provisions for submission of proposals.
These documents are not part of the contract
documents. The intent is to provide fair com-
petition, that is, to have all bidders invited to
submit proposals compete on an equal basis.
The documents and requirements include:

1. An advertisement for bids if any compe-
tent contractor will be considered, or an
invitation to bid if only prequalified con-
tractors will be considered

2. Instructions to bidders

. Proposal form

4. Sample form for the owner-contractor
agreement

5. Contractor’s qualification statement, if
required

6. Requirements for various types of bonds

. Consent of surety

8. Noncollusion affidavit, if required

w

3

Advertisement for Bids

This is a printed notice in newspapers or other
periodicals. It advises that proposals will be re-
ceived by the owner for construction of the
building. If the advertisement is required by
law, the statute usually indicates how many
consecutive times the notice must be published.
The notice should contain the following:

1. Name of owner, name of contract and lo-
cation of project .
2. Time and place for receiving bids

w

. Brief description of the project

4. Places and times for examination of draw-
ings and specifications or indication from
whom they may be borrowed and deposit
required

5. Information on required guarantees, such
as a bid bond

6. Information on a performance and pay-

ment bond, if one is required

Invitation to Bid

An invitation to bid contains practically the
same information as an advertisement for bids
and is used to invite proposals from prequali-
fied contractors, selected for experience, quali-
fications and financial ability. Usually, the invi-
tation is in the form of a letter, signed by the
owner, construction representative or prime de-
sign professional.

Bonds

A performance and payment bond is a guaran-
tee to the owner, equal to the total amount of
the bid, that everything required by the con-
struction contract will be faithfully done. Also,
the contractor is required to pay all lawful
claims of subcontractors, material suppliers and
labor for all work done and all materials sup-
plied in performance of work under the terms
of the contract. In addition, the owner must be
protected against suits by those persons, in-
fringement by the contractor of patents and
copyrights, and claims for property damage or
personal injury incurred by anyone during per-
formance of the work.

This bond usually is provided by a surety
company on behalf of a contractor, based on
knowledge of his competency and financial
condition. Liability protection against suits
and other claims may be provided by an insur-
ance company.

A bid bond is a guarantee to the owner that
the bidder, if offered the construction contract
at the prices he bid, will sign it. This bond also
may be supplied by a surety company; how-
ever, the company usually will issue a bid bond
only after the performance bond for the project
has been underwritten and approved. Some-
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times, a contractor may be permitted to submit
a certified check instead of a bid bond. He
should not do so unless he has assurances that
his surety will approve a performance bond for
his execution of the contract.

Instructions to Bidders

The bidding instructions should describe pro-
cedures for preparation, submission, receipt,
opening, withdrawal and rejection of bids. The
instructions also should indicate who will answer
questions concerning the drawings and specifi-
cations. Usually, to be certain that all bidders
are treated fairly, the owner’s representative
will answer all questions in writing by issuing
addenda. These documents, part of the con-
tract, change, modify or clarify the drawings,
specifications or contract conditions and are
sent to all known bidders.

The bidding instructions, in addition, should
require bidders to visit the site to ascertain per-
tinent local conditions.

For projects for which bid advertisements are
published, the bidding instructions should cover
qualifications of bidders, submission and return
of bidders’ guarantees, payment of taxes and
wage rates to be paid. Sometimes, also, the
general contractor may be informed of the need
to submit a list of subcontractors and material
suppliers to be engaged for the project. In addi-
tion, for public works, a noncollusion affidavit
may be required from each bidder, to discour-
age agreements between the bidders.

Proposal Form

For uniformity in presentation of bidders’ pro-
posals, the bidding requirements provide a form
to be used by all bidders in submitting bids. In
signing the form, the bidder acknowledges that
he is familiar with the contract documents, has
examined the building site and has received the
addenda issued. The bidder also states the price
for which he agrees to furnish all materials and
perform all work required by the construction
contract. He further agrees to complete the
project in the stipulated time and to execute,
within a specified period, a contract for the
project if his proposal is accepted.

The proposal form usually also contains blank

spaces for prices that may be added to or de-
ducted from the total sum quoted for construc-
tion of the project if the owner elects to make
changes or select an alternate given in the draw-
ings or specifications. If unit prices apply to
changes, the form should have spaces for the
unit prices for each type of work to which they
apply.

The proposal should be submitted sealed to
the owner or designated representative at the
specified location and within the required time.

Opening of Bids

Sealed proposals should be accepted by the
owner up to the time specified in the adver-
tisement for bids or invitation to bid. At the
specified time and place, the owner or his repre-
sentative should open the sealed bids in the
presence of the bidders and disclose the com-
plete contents of each to those present. For
public works, the owner’s representative should
announce publicly the lump sums or unit prices
bid. Final tabulation of the results, however,
need not be made at the bid opening nor at
award of the contract. Often, the tabulation re-
quires considerable study, especially when the
owner has the option of selecting various alter-
nates given in the contract documents.

Unless required to do so by law, the owner
need not award the contract to the lowest bid-
der. For reasons peculiar to a specific project
or because of special conditions, the owner may
choose another bidder, despite his higher price.

Shortly after the bid opening, the owner
should return the bid quarantees submitted by
bidders not likely to be selected. He may retain
some, say three, of the bid guarantees while bid
studies continue. These three should be re-
turned later, after the owner and the selected
contractor sign the construction contract.

The agreement between the owner and con-
tractor must be signed by the owner or a duly
authorized representative and by an authorized
officer of the contracting company.

References

Architect’s Handbook of Professional Practice, American
Institute of Architects.

J. Sweet, Legal Aspects of Architecture, Engineering, and
the Construction Process, West Publishing Co., 1970.
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Words and Terms

Advertisement for bids

Bid proposal form

Bonds: performance and payment, bid
Instructions to bidders

Invitation to bid

Significant Relations, Functions, and
Issues

Type of bidding procedure: by advertisement, by invita-
tion.

Bonds as protection for owner.

Need for uniformity of information to all bidders.

Process of receiving, opening, and evaluating of the bids.

Use of bids as a basis for the construction contract (agree-
ment between owner and contractor).

5.6 CONTRACTORS DRAWINGS

It is typical on building projects for some of the
subcontractors to be required to submit draw-
ings for the completion of their work. These
drawings may in some cases consist of a final
level of completion of the design work, as is
the case for subcontractors whose work in-
volves custom designed installations—special
cabinetry and works of art, for example. The
basic contract drawings will allow for this
work, but leave the actual details to be devel-
oped by the installers, with a formal approval
process spelled out in the contract. The draw-
ings submitted by the subcontractor will con-
stitute both a submittal of the detailed work for
approval and the description of the actual work
for completion of the contract.

More frequently, contractors drawings con-
sist of those required for clear indication of how
the work is to be done. In these cases the final
detail of the work is still required to conform
with that shown on the earlier contract draw-
ings prepared by the building designers. These
contract drawings are also submitted for ap-
proval—usually meaning approval by the pro-
fessionals who prepared the contract drawings.
Approval, however, does not relieve the con-
tractors from responsibility for completion of
the work as spelled out on the contract draw-
ings and the specifications. If the contractors
intend to make any changes or substitutions,
these must be clearly indicated and specifically
negotiated with the owner.

Many subcontractors work essentially as in-
stallers; merely obtaining the items indicated
on the contract drawings and described in the
specifications and proceeding to place them
properly in the building. In other cases, how-
ever, subcontractors must also fabricate or pro-
duce the components of the systems they in-
stall, which may involve some amount of final
detail development of the components. Ar-
rangements for this vary in terms of the process
for approval and the roles of the owner, design
professionals, general contractor, and the par-
ticular subcontractors involved.

5.7. CONSTRUCTION AND
OCCUPANCY PERMITS

Before construction of a building may start, the
local building department usually requires that
the drawings and specifications be approved
and a building permit be obtained from the de-
partment. Obtaining the permit generally is the
responsibility of the owner; his signature often
is required on the application for the permit.
The drawings, however, may be submitted on
his behalf by the prime design professional, or
the construction contract may require the gen-
eral contractor to obtain the building permit
and pay required fees.

Note that a building department will approve
only drawings prepared by an architect or engi-
neer licensed by the state and so certified by
seal and signature.

Because the building department may require
revisions of the drawings so that the building
will comply with all building-code and zoning-
code regulations, it generally is advisable for the
owner to have the drawings submitted to the
department before bids are requested. Then,
the revisions can be made before receipt of bids
or signing of the construction contract. If the
changes are made later, the prime professional
will have to issue addenda before bids are re-
ceived or, after the contract has been signed,
issue change orders, an even more costly practice.

The owner also is generally responsible for
obtaining any other permits required for con-
struction of the project under the contract,
such as those for temporary closing of a street,
trucking of very long loads, or temporary shut-
off of utilities that have to be relocated. The
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contractor, however, has the responsibility of
securing the necessary permits for work done at
his option on the project but not required by
the contract. For example, if he elects to use
a crane operating from a street for erection of
steel or placement of concrete and a permit is
required for that purpose, the contractor should
obtain the permit and pay the required fee.

After construction starts, the building depart-
ment periodically sends inspectors to inspect
the building to insure conformance with build-
ing-code and zoning-code regulations. The de-
partment also may require the contractor to
notify it when certain critical stages have
been reached or critical items are ready so that
an inspector may be dispatched to check
compliance.

In addition other municipal and state agencies
may send inspectors to insure that items under
their jurisdiction comply with legal require-
ments. The state fire marshall or local fire de-
partment, for example, may inspect construc-
tion; so may the state labor department, state
housing division, or a federal housing agency, if
it is concerned. If violations are observed, the
contractor is informed of them and required to
correct them. He is subject to penalties if he
does not remove the violations.

When construction has been completed, the
contractor notifies the building department, as
well as the owner, that the project is ready for
final inspection. The department then sends in-
spectors to the building for that purpose. Any
violations discovered must be removed. When
no violations are found, the department issues a
certificate of occupancy. This gives to the
owner the department’s permission to occupy
the premises.

5.8 CONSTRUCTION PROCEDURES

Construction usually starts shortly after the
owner and the general contractor have signed
the owner-contractor agreement. The owner
should send the contractor a written notice to
proceed. The notice should also advise the con-
tractor when he can enter the property and be-
gin work. The contractor has the number of
days stipulated in the contract in which to
start construction.

When the project has a tight construction
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schedule, the owner may want an early con-
struction start. He may ask the contractor to
begin work before the formal signing of the
contract. In this case, the owner may issue to
the contractor a letter of intent. This letter
indicates that the contract will be awarded to
the contractor and gives him notice to proceed
with construction. The letter should provide
for compensation to the contractor if the owner
should not award the contract to the contractor.
Both parties must sign the letter of intent to
make it effective.

Construction Supervision

The head of the construction company may
personally take charge of construction opera-
tions or if the company is doing several jobs
simultaneously, he may assign a company of-
ficer or project manager for that purpose. To
assist the manager, a field superintendent usu-
ally is assigned to the building site with respon-
sibility for all activities there.

The owner may assign a representative to the
site for surveillance of the work. The represen-
tative would have the responsibility of keeping
progress records, supervising inspectors, and in
some cases, keeping cost records. The represen-
tative may have the title clerk of the works,
architect’s superintendent, engineer’s superin-
tendent or resident engineer. When a construc-
tion manager is engaged, he generally assumes
responsibility for construction surveillance.
Members of the building team may be required
to visit the site only occasionally. Alternatively,
the prime design professional may be assigned
the responsibility for surveillance and engage-
ment of the project representative.

The basic stepsin construction are summarized
in Table 5.4.

Subcontract Awards

On receipt of the notice to proceed or letter of
intent, the contractor mobilizes his forces and
equipment to start work. In accordance with a
construction schedule he has planned, he noti-
fies subcontractors that he is ready to sign con-
tracts with them and, if necessary, issues letters
of intent to those subcontractors required for
the early stages of construction. After he signs
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Table 5.4. Basic Steps in Construction

1. Obtaining of permits and issuance by owner of
letter of intent or written notice to proceed
2. Planning and scheduling of construction opera-
tions in detail
3. Mobilization of equipment and personnel for
project
4. Notification to subcontractors of contract award,
issuance of letters of intent, awarding of subcon-
tracts, advance ordering of materials and equip-
ment, issuance to subcontractors of notice to
proceed
. Survey of adjacent structures and terrain
. Survey for construction layout
. Establishment of field offices
. Erection of fences and bridges
. Demolition, site preparation, and excavation,
including bracing of earth sides, drainage, and
utility relocation
. Construction of foundations
11. Erection of structural framing and stairs
. Placement of temporary flooring, if needed
. Installation of pipes, ducts, and electric conduit
. Erection of material hoists, if needed
15. Construction of permanent floors
. Installation of elevators in tall buildings
. Placement of exterior walls and windows
. Fireproofing of steel framing, if required
. Construction of fixed partitions
. Construction of roof and placement of roofing
. Finishing operations
. Removal of temporary structures and clean up
. Landscaping
. Final inspections and project acceptance
. Issuance by building department of certificate of
occupancy
. Final payment to contractor and occupation of
premises

O 00 3O\ W

contracts with the others, he advises them of
the dates on which they are scheduled to begin
work on the project.

Scheduling

A subcontractor who arrives on the job ready
to start work before the project has reached the
appropriate stage generally is unable to begin.
One who starts late may delay the project.
Consequently, work must be so scheduled that
subcontractors report for work exactly when
needed. Similarly, materials must be delivered
close to the time when they are needed. If they
arrive late, work is delayed. If they arrive too
soon, sufficient storage space may not be avail-

able. Consequently, the contractor must plan
his operations well in advance, carefully and
accurately.

Surveying

One of the first steps is to survey the building
site and surrounding terrain and property. The
survey of existing conditions is needed to deter-
mine conditions of adjacent structures that may
possibly be damaged by the contractor’s opera-
tions. This survey must be supplemented by
readings of elevations at the foundations of the
nearby buildings for use in later determina-
tions of the occurrence of settlement or lateral
movement.

Also, a survey is needed to provide a general
layout for construction, including base lines,
offset lines, and reference points, such as bench
marks (points of known elevation). These lines
and points are used for geometric control dur-
ing construction. Measuring from them, the
surveyors locate and orient structural members,
such as columns and walls, and maintain verti-
cality of vertical components. Also, the sur-
veyors determine the elevations of foundations,
floors and roofs. In addition, they establish
control points inside the building, from which
they make other measurements of distance and
elevation.

Construction Offices

Another early step the contractor takes is estab-
lishment of construction offices on or adjacent
to the building site. The space is needed for
housing records, permits, and construction
documents, administrative and supervisory per-
sonnel when not in the field, and clerical and
secretarial help. The offices also are useful for
communication and meeting purposes. Job
meetings are held periodically with the owner’s
representatives and subcontractors for dissemi-
nation of information, to settle controversies,
and to avoid problems. Similarly, subcontrac-
tors set up offices, usually close to those of the
general contractor, but only for their own staff.
The owner too may set up offices for his repre-
sentatives. Temporary buildings may be used
for all of these offices.
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Fences and Bridges

Another early step the contractor takes is to
fence in the property, especially if excavation
will extend near the lot boundaries. Fencing,
however, often is omitted if the contractor
believes that there is practically no chance
that the public will be injured by construction
activities.

As construction advances above ground, the
contractor usually erects a shed, or bridge,
along the fence above streets or walkways that
adjoin the fence. The purpose of the bridge is
to protect passersby from objects accidentally
dropped from the structure during its erection.

Site Preparation

If the lot already contains buildings or other
structures not to be incorporated in the new
building, they must be removed. For this pur-
pose, a demolition subcontractor is employed.
If the site is heavily wooded, the area to be oc-
cupied by the building and other facilities must
be cleared. Often, the land has to be graded.

Also, substantial excavation may be required;
for example, when the building has a basement
or deep foundations are needed. This work
may be performed by the foundation subcon-
tractor or a separate earthwork subcontractor.
In addition, the earthwork subcontract may call
for removal or relocation of existing under-
ground utilities. If special provisions must be
made for draining the excavation to prevent
water that seeps into it from hindering con-
struction, a special subcontract may be let for
pumping out the water, for instance, to a well-
point subcontractor. If extensive trenching is
needed for water supply and sewage lines, the
earthwork contract also may include that work;
otherwise, it may be covered by the plumbing
subcontract.

Foundations

As excavation proceeds, it usually becomes
necessary to support the earth around the
boundaries to prevent it from caving in or from
moving laterally. Earth movements might cause
nearby structures to settle or move laterally and
damage them. A common method of providing

support is to drive sheetpiles around the exca-
vation, and then, in some manner, brace the
sheeting.

If piles are needed to support the building,
they are driven to required depths into the bot-
tom of the excavation and capped with con-
crete footings. If spread footings are specified,
soil is excavated to required depths and con-
crete is placed to form the footings. Also,
foundation walls are concreted along the perim-
eter of the excavation. Earth backfill then is
placed behind the walls, if necessary, to prevent
movement of adjoining soil when the sheeting
supporting it is removed.

Structural Framing

If the framing of the building is to be structural
steel, the general contractor may award a con-
tract for fabrication and erection of the steel to
a single subcontractor, or one contract to a steel
fabricator and a second to an erection subcon-
tractor. If the framing is to be concrete, a
concrete subcontractor will be employed. A
concrete subcontractor will be engaged in any
event if the floors, walls, or other parts of the
structure are made of concrete.

Erection of walls and columns can start as
soon as the concrete in the foundations has
gained sufficient strength, usually at least a
week after the concrete was cast. Beams and
girders, if required, or concrete floors are placed
between the vertical structural members as soon
as possible. The horizontal members are needed
to brace the verticals, to prevent them from
toppling over. Additional diagonal bracing also
may be installed, to keep columns in vertical
alignment. The beams and girders, in addition,
provide support for temporary flooring for
workmen. (To avoid interference with erection
of structural steel framing, permanent floors
usually are not installed in multistory buildings
until the framing is in place several stories
above. Building codes, however, for safety rea-
sons, often place a limit on the number of sto-
ries the framing may be advanced above the
floors.) Load-bearing walls must be constructed
before the skeleton framing (beams or floor
slabs and columns), because the walls have to
support the beams or floor slabs.
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Other Components

Installation of stairs generally follows closely
behind erection of the framing to enable work-
men to reach the levels at which they have to
work. Piping, ductwork, and electric conduit
to be embedded in permanent construction also
are installed early.

The general contractor usually provides hoists
for use by the subcontractors to raise materials
and equipment to the floors where they will be
needed. The subcontractors also may use cranes
or derricks for hoisting materials and equip-
ment. Also, for tall buildings, when the fram-
ing becomes high enough, elevators are installed
to lift workmen to working levels.

As the framing rises, permanent floors are in-
stalled at successive levels. Placement of exte-
rior walls follows closely behind. Windows are
set in the walls, often without glazing to pre-
vent the glass from being broken accidentally
while construction proceeds. Meanwhile, elec-
trical, plumbing, and HVAC subcontractors
continue with installation of wiring, piping, and
ductwork. If the framing is structural steel and
the underside requires fireproofing, fire-resistant
material should be placed to protect the fram-
ing, unless the ceiling will serve that purpose.
Fixed partitions may be constructed next. By
this time, usually, the roof can be installed.

Finishing Operations

Before the building can be considered com-
pleted, however, there are numerous opera-
tions still to be performed. Ceilings have to be
placed, roofing and flashing laid down, wall-
board or panelling attached to interior wall
surfaces and tile set. Electric lighting fixtures
have to be mounted and switches, electrical
outlets and electrical controls installed. Plumb-
ing fixtures have to be seated in place. Fur-
naces, air-conditioning equipment, permanent
elevators and escalators, heating and cooling
devices for rooms, electric motors and other
items called for in the drawings and specifica-
tions must be installed. Glass must be placed in
the windows, floor coverings laid down, mov-
able partitions set in place, doors hung and fin-
ishing hardware installed. All temporary con-

struction, such as field offices, fences and
bridges, must be removed. The site must be
landscaped and paved. Finally, the building
interior must be painted and cleaned.

When the general contractor believes the
building has been completed, he notifies, in
writing, the owner and his site representative.
The owner then should apply to the building
department for a certificate of occupancy and
determine by inspection whether the work has,
in fact, been completed in accordance with the
drawings and specifications. If it has not, the
owner should report, in writing and in detail,
to the contractor the additional work required.
The owner should make a careful final inspec-
tion and not rely on the building department
inspection to protect his interests. Building
department inspectors are primarily concerned
with discovering violations of the building code.

When the work has been satisfactorily com-
pleted, the owner must determine accurately
the amount due the contractor, including the
value of work done under change orders and
extra work authorized during construction.
Within a period stipulated in the contract, usu-
ally 30 days, the owner must pay the contractor
the amount due, less any money the owner,
under the contract, may be permitted to with-
hold tentatively. He also should promptly
furnish the contractor and his surety a state-
ment of acceptance of the project or of excep-
tions. On receipt of the certificate of occu-
pancy, the owner may occupy the building.
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EXERCISES

The following questions and problems are pro-
vided for review of the individual sections and
the chapter as a whole.

Section 5.1

1. Who besides the owner and members of
the building team should help prepare the
contract documents?

2. Name and describe briefly the contract
documents.

3. Who are the parties (signatories) to the
construction contracts?

4. If, during construction of a building, the
owner asks the contractor to perform work
not covered by the drawings and specifi-
cations, what should the contractor do if
he is willing to do the extra work?

5. Why should contracts and change orders
be in writing?

6. Why are modifications of the contract dur-
ing construction undesirable?

7. Besides maintenance of a good reputation,
what incentive does a contractor have to
provide good workmanship?

8. What risks are incurred when the specifi-
cations list in detail the procedures the
contractor must follow and the required re-
sults?

9. Who is responsible for securing construc-
tion permits?

10. Under what circumstances should a con-
tractor use substitute materials not called
for in the contract documents?

SECTION 5.2

11. How do addenda and modifications of the
contract differ?

12. What is the purpose of the project manual?
13. (a) Which of the documents in the project
manual are not contract documents?
(b) Which of the contract documents are
not normally incorporated in the man-
ual?

14. What requirements usually are contained
in the owner-contractor agreement?

15. What are the advantages of using a stan-
dard construction contract?

16. Is it necessary to repeat in the specifica-
tions a requirement given in the conditions
of the contract? Explain your answer.

17. What are the purposes of:

(a) General conditions of the contract?
(b) Supplementary conditions of the con-
tract?

Sections 5.3 and 5.4

18. If working drawings show to scale and la-
bel all items comprising a building, why
are specifications still necessary?

19. A contractor preparing a construction pro-
posal discovers a conflict between the
working drawings and the specifications.
The prime professional corrects the con-
flict and notifies the observent contractor.
What else should the prime professional do
before bids are received?

20. During construction of a building, the gen-
eral contractor notifies the prime profes-
sional that a window type specified is no
longer being manufactured and is not
available for purchase. What should the
prime professional do?

21. In what contract document for a 10-story
building should you look to determine:
(a) Beam spacing for the fifth floor?

(b) The tolerances permitted in fabrication
of steel beams for the fifth floor?

(c) Layout of air ducts for the fifth story?

(d) Quality of material used for the air
ducts for the fifth story?

22. What information is provided by a door
schedule?

23. Why should every item shown in the draw-
ing also be specified in the specification?
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24.

25.

26.

27.

28.

Why is repetition of a requirement in both
documents undesirable?

What are the advantages of a master spec-
ification?

What is the relationship of the organiza-
tion of specifications and the subcontract
method of construction?

What are the advantages to the building
owner of a product specification that gives
the contractor a choice of several prod-
ucts?

What type of information should be given
by notes on working drawings and what
type by specifications?

A drawing of a foundation wall does not
show a drain at the base of the wall, but a
note on the drawing states: ‘‘Install 4 in.
cast-iron drain pipe completely around
foundation and connection to sewer.”’ Is
the contractor required to furnish and in-
stall the pipe without additional compen-
sation? Justify your answer.

Section 5.5

29.

30.

31.

32.
33.

34.

3s.

Describe briefly the usual bidding require-
ment documents.

Compare the advantages and disadvan-
tages of an advertisement for bids and an
invitation to bid.

What should be the value of the perfor-
mance and payment bond a contractor is
required to post for a building he seeks to
construct?

What is the purpose of a bid bond?

The prime professional for a project re-
ceives a telephone call from a prospective
bidder who questions some items in the
drawings and specifications. What should
the prime professional do?

In what document should a builder look to
find information on the opening of bids?
Shortly after bids have been requested for
building construction, the prime profes-
sional receives a telephone call from a ma-
terial supplier requesting additional infor-
mation. How should the prime professional
handle the request?

Sections 5.6 t0 5.8

36.

37.

38.

39.

40.

41.

Why must an owner or a competent rep-
resentative inspect construction despite
frequent building department inspections?
After a building permit has been issued, a
company president, on recommendation of
the building architect, decides to request
bids from six general contractors:

(a) What means should the president use
to request bids?

(b) How does the president insure that the
selected bidder will sign the construc-
tion contract?

(c) Are bids usually examined as they are
received?

(d) Must the company president sign the
contract with the low bidder?

A city public works department has ob-
tained a building permit for a proposed
building. The city engineer, in accordance
with city law, must accept proposals from
all interested contractors and engage the
contractor who submits the lowest bid.

(a) What means should the engineer use to
request bids?

(b) How does the engineer insure that the
bidder selected will complete the work
after signing the contract?

A company president engages for design

and construction of a factory a general

contractor who is neither a registered ar-
chitect nor a professional engineer.

(a) Will the building department issue a
building permit for plans drawn by the
contractor that satisfy the building
code? Explain your answer.

(b) How will the building department
know from inspection of the drawings
whether or not the person who pre-
pared them is an architect or an engi-
neer?

After selecting a general contractor, how

can an owner get construction started im-

mediately without signing a construction

contract?

Compare the responsibilities and duties of

the contractor’s field superintendent with

those of the clerk of the works.



Chapter 6

Life Safety Concerns

Buildings must be designed for both normal and
emergency conditions. Building designers
should, in initial design of buildings, take pre-
cautions to protect property from major dam-
age, and especially from collapse, due to ac-
cidents or disasters; but designers must also
provide for life safety of occupants, neighbors
and passersby in emergency situations. Such
situations may be caused by high winds, earth-
quake, intruders or fire. Cost-effective protec-
tion against their adverse effects can be
achieved with the systems-design approach,
applied from the start of conceptual design.

Building codes contain many requirements
for prevention of major property damage and
for life safety. But codes do not always cover
extreme conditions or special cases. Safety
requirements in codes generally are minimum
standards applicable to ordinary buildings,
those not unusually large or tall and those not
used for purposes with which there has been lit-
tle experience, such as production of nuclear
power. Building designers therefore must use
judgment in adopting code provisions and apply
more stringent requirements when specific con-
ditions warrant them.

Economic and sometimes sociological factors
often rule out provisions for full protection
against extreme conditions that are possible
but highly unlikely to occur. For example, it is
possible but very costly to build a one-family
house that can withstand a violent tornado.
Furthermore, because such a house would have

small or no windows, a family preferring large
windows would choose such windows and risk
the possibility of injuries from tornadoes. Con-
sequently, building designers should weigh the
possibility of extreme conditions occurring and
balance risks and costs.

From statistical studies of such natural phe-
nomena as snowfalls, high winds and earth-
quakes, probabilities of extreme conditions
being exceeded in a year in various parts of the
United States have been determined. For ex-
ample, the probability is 0.04, or four chances
in one hundred, of a wind faster than 80 mph
blowing through New York City, or 0.02, two
chances in one hundred, of a wind faster than
60 mph blowing through Los Angeles.

The reciprocal of the probability is called the
mean recurrence interval. This gives the av-
erage time in years between the occurrence of
any condition that exceeds the specific extreme
condition. Thus, the mean recurrence interval
of a wind faster than 80 mph in New York City
is 5%4, or 25 years, and of a wind faster than
60 mph in Los Angeles, 50 years.

Designers can use mean recurrence intervals
to establish reasonable design values. For ex-
ample, if the expected life of a building to be
erected in Los Angeles is 50 years, it would be
logical to design the building for a 60-mph
wind, which would be unlikely to be exceeded
in the next 50 years. (Mean recurrence inter-
vals for snowfalls, winds and earthquakes are
given in ANSI “Building Code Requirements
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for Minimum Design Loads in Buildihgs and
Other Structures,’” A58.1-1982, American Na-
tional Standards Institute.)

6.1. WINDSTORMS

Every year, high winds in the United States
cause property damage costing many millions
of dollars and kill and injure many persons.
Deaths from tornadoes alone average about 100
persons annually. Many of these deaths and
injuries result from collapse of buildings. Bet-
ter building design and construction therefore
not only could prevent much of the wind dam-
age but also could save many lives.

Furthermore, with the systems-design ap-
proach, designers could incorporate adequate
wind resistance in buildings and protect lives
with little or no increase in costs over former
inadequate measures.

Wind Characteristics

Experience has shown that probably no area in
the United States is immune from incidence of
winds of 100 mph. Furthermore, tornadoes
have been reported in all states except for four
or five western states. Tornado winds have been
estimated as high as 600 mph. Hurricanes have
struck areas of the country with winds as high
as 200 mph.

Straight Winds. Generally, wind damage ap-
pears to be caused by severe straight winds,
although air in the storms may be rotating
about a nearly vertical axis. In the case of hur-
ricanes with rotating winds, the radius of curva-
ture is so large that the path of the wind may
be considered straight. In the case of tornadoes
with winds rotating in a narrow funnel, damage
appears to be caused by severe winds in the
same general direction as the funnel movement.

Gusts. Wind velocity, however, usually does
not remain constant for long. The wind often
strikes a building as gusts. Wind velocity in
such cases rises rapidly and may drop off just
as fast. Hence, wind actually imposes dynamic
loads on buildings.

Effects of Friction. Because of natural and
man-made obstructions along the ground, wind
velocity is lower along the ground than higher
up. Ground characteristics within a range of at
least 1 mile of a building are likely to affect
velocity of the wind striking the building. The
rougher the terrain the more the air will be
slowed. Building codes often take this effect
into account by permitting lower design wind
loads for buildings in the center of a large city
than for buildings in a suburban area and woods,
and allowing lower loads for buildings in sub-
urban areas than for buildings in flat, open
country.

The effects of ground roughness on wind ve-
locity diminish with height above ground and
eventually become negligible. In the center of
a large city, wind velocity above an elevation
of about 1,500 ft relative to the ground may be
unaffected by the ground surface and build-
ings. For suburban areas and woods, wind ve-
locity may be considered nearly constant above
an elevation of about 1,200 ft. For flat, open
country, the limiting elevation for roughness
effects may be about 900 ft, and for flat, coastal
areas, 700 ft.

Velocity Measurement. For standardization
purposes, wind velocities are reported for an
elevation of 10 m (32.8 ft) above ground. If
winds are not measured at the level, the wind
velocities recorded at another elevation are
converted to velocities at the 10-m level. Build-
ing codes often require buildings up to 30 to 50
ft high to be designed for wind velocities at the
10-m level.

Variation with Height. With the velocity
known at the 10-m height, the velocity at any
height above ground up to the limiting eleva-
tions previously mentioned may be estimated
from Eq. (6.1).

z n
v, = Uy 328) (61)
where
v, = velocity at height z above ground
vy0 = velocity 32.8 ft above ground

Z = elevation above ground, ft
(32.8 =< z = 900, 1,200 or 1,400)
n = exponent with value depending on
roughness of terrain



For centers of large cities and very rough, hilly
terrain, n may be taken equal to % For subur-
ban areas, towns, city outskirts, wooded areas
and rolling terrain, n may be taken equal to 7.
For flat open country and grassland, n may be

taken equal to % and for flat, coastal areas, %.

Shielding. A building may be shielded from
the wind from certain directions by adjacent
buildings or hills. But it would not be conserva-
tive to design a building for lesser wind loads
because of such shielding. In the future, the
shielding buildings may be removed or the hill
modified, with resulting increases in wind
buffeting.

Channeling Effects. Man-made or natural ob-
structions might channel wind toward a build-
ing or increase the intensities of gusts. In such
cases, if the increased wind loads can be esti-
mated, they should be provided for in design of
the building. Often, wind tunnel tests of a
model of a building, neighboring buildings and
the nearby terrain are useful in predicting wind
behavior.

Orientation. In many parts of the United
States, high winds generally may come from a
specific direction. Nevertheless, it is possible
for high winds to come from other directions
too. Consequently, it is advisable in building
design to assume that wind may come from any
direction.

Inclination. In many cases, it is reasonable to
assume wind velocities as horizontal vectors.
This assumption may be adequate for design of
vertical walls and structural framing other than
in roofs; but because of possible turbulence in
the vicinity of a building or because of the slope
of the terrain, wind velocity may be inclined
10° or 15° or more from the horizontal, up or
down. The vertical component of the wind in
such cases may impose severe loading on roofs,
balconies, eaves and other overhangs.

Design Loads. The preceding description of
wind characteristics should make it evident that
wind loads are uncontrollable, random variables.
They also are dynamic rather than static. Nev-
ertheless, for ordinary buildings, it is usual prac-
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tice to assume probable maximum wind veloc-
ities and to treat the associated pressures on the
buildings as constant loads. For unusually tall
or slender buildings, detailed structural analyses
aided by wind tunnel tests of models generally
is advisable, with the wind treated as a dynamic
load.

Wind Pressures and Suctions

For a wind velocity v, mph, the basic velocity
pressure p, psf, on a flat surface normal to the
velocity is defined by

p = Kv? 6.2)

where K = 0.00052 when n =}

1
4.

= 0.0013 when n

w

= 0.0026 when n

~=

= 0.0036 when n =

Table 6.1 lists some basic pressures for winds
with 50-year recurrence interval for various
regions of the United States and for various
heights above ground. These pressures can
serve as a guide in the absence of building-code
requirements. Note, however, that Table 6.1
does not allow for tornado winds or extreme
hurricanes.

The basic total force P, b, due to a basic
wind pressure p is given by

P=Ap (6.3)

where A = area of perpendicular surface, sq ft.

The effects of gusts may be taken into ac-
count by applying an appropriate gust factor G.
With gusts, the wind force equals

P=GAp=Aq
where g = Gp.
Dependent on type of exposure and dynamic
response characteristics of the obstruction, G is
probably best determined from wind tunnel
tests of models or from observations of similar
existing structures.

The effective pressure acting on a building or
a building component depends on the building
geometry. The effect of geometry is generally
taken into account by multiplying g by a pres-
sure coefficient C. For example, external pres-
sure on the windward wall of a building may be

(6.4)
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Table 6.1. Basic Wind Pressures for Design of Framing, Vertical Walls and Windows

of Ordinary Rectangular Buildings, psf’

Types of exposures

4b B fod

AP B c? | 4b B c?

Coastal areas, N.W. and

Height zone,
S.E. United States®

ft above curb

Other parts of
United States®

Northern and central
United States

0-50 20 40 65
51-100 30 50 75
101-300 40 65 85
301-600 65 85 105
Over 600 85 100 120

15 25 40 15 20 35
20 35 50 15 25 40
25 45 60 20 35 45
40 55 70 35 45 55
60 70 80 45 55 65

9For winds with 50-year recurrence interval. For computation of more exact wind pressures, see ANSI Standard

A58.1-1982.
bCenters of large cities and very rough, hilly terrain.

“Suburban areas, towns, city outskirts, wooded areas, and rolling terrain.

“Flat open country, flat open coastal belts, and grassland.
€100-mph basic wind speed.

f 90-mph basic wind speed.

£80-mph basic wind speed.

computed from

P, =CyAq, (6.5)

where

A = projected area of the structure on a ver-
tical plane normal to the wind direction
C,, = external-pressure coefficient

Building codes give recommended minimum
values for pressure coefficients for ordinary
buildings. For unusual buildings, they may be
determined from wind tunnel tests of models.
Pressure coefficients are given a positive sign
when the pressure tends to push a building
component toward the building interior. They
are given a negative sign when the pressure tends
to pull a building component outward. Nega-

(a)

tive pressures also are called suctions or, for a
roof, uplift.

Figure 6.1a illustrates wind flow over a slop-
ing roof of a low building. As indicated in Fig.
6.1b, the wind creates a positive pressure on the
windward wall normal to the wind direction
and a negative pressure on the leeward wall.
For the roof slope shown, it is likely that the
wind will create an uplift over the whole roof.
Pressure coefficients for the windward wall
therefore will be positive and those for the lee-
ward wall and the roof, negative.

If there are openings in the building walls,
internal pressures will be imposed on the walls,
floors and roofs.

The net pressure acting on a building com-
ponent then is the difference between the pres-

(b)

Fig. 6.1. Effect of wind on a low building with sloping roof. (a) Wind flow. (b) Wind pressures.



sures acting on opposite faces (vector sum of
forces acting).

Design for Wind

Every building and its components should be
designed to withstand, without collapsing, tear-
ing away, breaking or cracking, maximum winds
that are likely to occur within the anticipated
service life of the building. Generally, a 50-year
mean recurrence interval should be the basis for
selection of a maximum basic wind velocity for
a permanent building. But for unusual buildings
or for those presenting an unusually high haz-
ard to life and property in case of failure, a
100-year mean recurrence interval should be
used.

For economic reasons, it is impractical to de-
sign buildings to resist violent tornadoes with-
out considerable building damage. Conservative
designs, however, usually incorporate a safety
factor to provide reserve strength against unex-
pected loads, poor quality materials and low-
grade workmanship that escapes attention.
Hence, a building properly designed to with-
stand probable wind loads without damage
should have sufficient reserve strength to resist
much stronger winds with little or no damage.

For light construction, such as one- and two-
story houses, which tend to collapse when in
the path of a tornado, it is advisable to incorpo-
rate a well-protected shelter. It may be located
in the basement or on the ground floor of base-
mentless buildings. The shelter should be en-
closed on all sides with a strong material, such
as thick, reinforced concrete. The entrance
preferably should be inside the building and
should provide a 90° turn to prevent flying de-
bris from entering the shelter. In a tornado,
debris, such as wood beams, can become flying
missiles and penetrate several ordinary building
walls.

The systems-design approach can be helpful
in reducing damage from high winds, espe-
cially when systems design is used from the
start of the conceptual phase of design. For ex-
ample, though a building may be designed for
a probable maximum wind from any direction,
the building may be oriented to resist extremely
high winds in the direction from which they are
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likely to come. In the midwestern region of the
United States, for instance, tornadoes generally
move from southwest to northeast. Hence, in
that region, a building could be placed on its
site and shaped to have low exposure to the
southwest and strengthened to have high resis-
tance to such tornadoes.

As another example, all connections, from
foundation to roof, between building compo-
nents could be given adequate strength to
withstand extreme winds without failing at
only a slight increase in construction cost.

As still another example, measures can be
taken to reduce wind pressures. This may be
accomplished with appendages on the walls or
roofline irregularities; or vents may be placed in
roofs to relieve uplift. Wind tunnel tests may
give clues.

Wind resistance should be an integral part of
every building system. Designing a system ini-
tially only for gravity loads and then adding
strengthening elements for wind resistance is
likely to be more costly and not so structurally
effective as providing strength and stiffness for
both gravity and wind loads from the start of
design.

Designers should consider the possibilities of
different failure modes under wind loads and
provide against them.

Overturning. Wind loads are often referred to
as lateral forces, because they act against the
sides of buildings as substantially horizontal
forces, compared with gravity loads, which act
vertically.

Note that a wind striking the sides of a rect-
angular building obliquely may be resolved into
two components, each component perpendicu-
lar to a windward side. In analysis of the effects
of wind loads then, the response of the building
to each component can be studied separately and
the effects of both components determined.

Considered as a rigid body, a building sub-
jected to horizontal forces W may be over-
turned. It would tend to rotate about the edge
of its base on the leeward side (see Fig. 6.2a).
The tendency to overturn is resisted by the
weight M of the building. Building codes usu-
ally require that the resistance to overturning be
at least 50% greater than the overturning force.
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(a)

(e)

(b)

(c)

(d)

Fig. 6.2. Some potential modes of failure for buildings subjected to high winds. (a) Overturning. (b) Sliding,
unresisted. (c) Sliding, resisted by weak soil.(d) Sliding off foundations. (e) Roof uplift.

If Wh is the overturning moment about the base

and Me is the resisting moment about the lee-
ward edge of the base,

Me = 1.5Wh (6.6)

The resistance to overturning can be aug-

mented by anchoring the building firmly to its

foundations. The weight of earth atop footings

then may be included with the weight of the
building in computation of Me.

Sliding. In addition to tending to overturn a
building, wind forces also tend to push a build-
ing horizontally. This movement is resisted by
friction, earth pressure and connections be-
tween superstructure and substructure.

Like overturning resistance, sliding resis-
tance due to friction depends on the weight of

the building. If a building subjected to high
winds is firmly connected to foundations that
are located near the ground surface, the foun-
dations may slide in the direction of the wind
unless there is sufficient friction between them
and the soil or unless the foundations are an-
chored to the ground (see Fig. 6.2b). For a
building with deep foundations, earth between
footings and ground surface will assist the fric-
tion forces in resisting sliding (see Fig. 6.2c).
(With some soils, however, resistance to
movement may decrease when the ground gets
wet. The possibility of this occurring should be
considered by the designers.)

To insure development of required sliding re-
sistance, whether foundations are shallow or
deep, it is essential that designers call for strong
connections between superstructure and foun-
dations. In the absence of such connections,



strong winds have pushed many small build-
ings off their foundations, with disastrous con-
sequences to occupants and property (see Fig.
6.2d). Buildings should be securely anchored
to prevent both sliding and overturning.

Roof Uplift or Sliding. Flat roofs and roofs
with slopes up to about 45° may be subjected
to suction over the whole area. The uplift may
be severe enough to draw the roof, or parts of
it, away from the rest of the building, unless
the roof is firmly anchored to the building frame
and its components are securely attached to
each other and to the frame. Often, when high
winds peel a roof from a building with load-
bearing walls, one or more of these walls also
topples.

The weight of a roof cannot be relied on to
hold it in place in strong winds. Positive an-
chorage should be provided between the roof
and its supports.

Steeply sloped roofs may be subjected to pos-
itive pressures or suctions, depending on the
direction of inclination (see Fig. 6.2¢). The re-
sulting forces may slide a roof from its supports
or suck components loose. Such damage can
also be prevented by positive anchorage.

Sway and Collapse. Strong winds may collapse
a building, without overturning it or causing it
to slide, unless adequate means are provided to
transmit the wind loads through foundations
into ground strong enough to resist the loads.

Load-bearing walls have to be braced against
caving in or being sucked outward by winds.
Floors and roof, if securely attached to the
walls, can serve as bracing, but some means
must be present to transmit the wind loads to
the ground. If not, the floors and roof will
shift under the horizontal forces and permit the
walls to topple.

Curtain walls should be anchored to the
structural frame of the building or to floors and
roof attached to the frame. Connections should
be strong enough to transmit wind loads from
the walls to the frame. Then, some means must
be provided to transmit the loads from the frame
through the foundations to the ground. If this
is not done, the building may topple like a
house of cards (see Fig. 6.3a).
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Any of several structural devices may be used
to carry wind loads to the ground. Figures 6.3b
to d illustrate some of the most commonly used
ones.

Figure 6.3b shows a shear wall, which may
be used to brace load-bearing walls directly or
to withstand wind loads on floors and roof. The
wall has high resistance to horizontal forces
parallel to its length. If two such walls are
placed perpendicular to each other, they can re-
sist wind from any direction, since any wind
force can be resolved into components parallel
to each of the walls.

Figure 6.3¢ shows a structural frame with di-
agonal structural members to carry the wind
loads W to the ground. The diagonals are called
X bracing. The arrows in Fig. 6.3¢ show the
paths taken by wind forces until they reach the
ground. Note that the diagonals and the girders
(major beams) transmit the horizontal forces W
to the leeward columns, which carry the forces
vertically to the ground. The windward col-
umns, in contrast, carry vertically upward
forces from the ground that keep the building
from overturning.

Figure 6.3d shows a rigid frame subjected to
horizontal wind forces. The wind tries to topple
the building in the manner indicated in Fig.
6.3a; however, in the rigid frame in Fig. 6.3d,
the girders and columns are rigidly connected
to each other. Any tendency for the ends of the
girders to rotate is resisted by the columns, be-
cause the connections maintain the right angle
at each joint. The frame may shift a little in the
direction of the wind, but the frame cannot col-
lapse until the strength of the members and
connections is exhausted. As in the X-braced
frame, the leeward columns transmit the hori-
zontal forces vertically to the ground. The
windward columns carry upward the forces
from the ground that prevent overturning.

Designers must bear in mind that the objec-
tive of shear walls, bracing and rigid frames is to
convey loads to ground that can withstand
those loads. Any gap in the load path to such
ground, i.e. any failure to transmit load, can
lead to disaster. Consequently, not only must
designers provide a continuous load path but
also they must make every element along the
path strong enough to carry imposed loads.
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Fig. 6.3. (a) Wind loads W topple an unbraced building. This may be prevented by use of (b) shear wall,

(c) diagonal bracing, or (d) rigid-frame action.

This means that connections as well as girders,
columns, bracing, foundations and soil must
have adequate capacity.

Sway or Drift. Strength, however, cannot be
the sole consideration. Potential movements of
the building also must be considered. Wind
forces, even when static, cause sidesway, or
drift, a shifting of the upper part of a building
in the direction of the wind. Winds, though,
are dynamic loads and they can cause a building
to sway violently back and forth until it falls
apart, unless the building is made stiff enough
to resist such movements. So design against
wind must have two other objectives besides
provision of sufficient strength. Total drift of a
building must be limited to prevent damage to
building components, especially cracking of

brittle materials, such as plaster or concrete
walls. In addition, vibration of buildings must
be controlled so as not to damage building com-
ponents or annoy occupants.

These objectives can be attained by proper
shaping of a building, arrangements of struc-
tural components to resist drift, and selection
of members with adequate dimensions and ge-
ometry to withstand changes in dimensions.
For example, low, squat buildings have less
sidesway than tall, slender buildings. Hence,
decreasing the ratio of building height to least
base dimension, width or length, will reduce
drift. As another example, thin rectangular
buildings have more sidesway than square or
circular buildings with the same floor area per
story. Thus, making buildings more compact
will reduce drift. But thin rectangles can be



used with reduced drift if they are arranged in
perpendicular wings, to brace each other.
Buildings T or H shaped in plan can conse-
quently be efficient in resisting sidesway be-
cause, regardless of the direction from which
the wind blows, they have long walls or long
lines of columns with high resistance to wind in
the direction of wind components.

Design of a building as a system requires that
gravity and lateral loads be considered simulta-
neously, to achieve optimum results. Often, it
becomes possible to provide wind resistance
through this approach with no increase in cost
over that for supporting gravity loads alone.

Structural framing is discussed further in Sec.
6.2 and Chap. 8.

6.2 EARTHQUAKES

Earthquakes may occur anywhere in the United
States. Therefore, all buildings should be de-
signed to withstand them. Proper aseismic de-
sign should produce buildings capable of surviv-
ing minor temblors with no damage. With good
systems design, this should be done with no
increase in construction cost over that for grav-
ity and wind loads. Also, proper aseismic de-
sign should produce buildings capable of surviv-
ing major earthquakes without collapsing. Good
systems design should be helpful in minimizing
the cost of achieving this objective.

The probability of a violent temblor occurring
at the same time as a high wind appears to be
very small. Hence, building codes generally do
not require buildings to be designed for simul-
taneous occurrence of wind and seismic loads.
As a result, the full strength and stiffness pro-
vided a building for resistance to seismic loads
are also considered available to resist wind loads.

If a strong earthquake should occur, sidesway
of buildings is likely to be severer than for
winds. As a result, even if structural compo-
nents are made strong enough to prevent col-
lapse, buildings may suffer considerable damage.
Nonstructural components especially may be
vulnerable. For example, walls may be stiffer
than the structural components but not so
strong. Being stiffer, the walls will be sub-
jected to greater forces, which can cause severe
cracking of the walls or their collapse. Also,
the walls may interfere with planned actions of
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the structural components and thus cause addi-
tional damage. Consequently, aseismic design
requires thorough knowledge of structural
engineering and building material properties
and also calls for exercise of good judgment to
save lives and minimize property damage.

Characteristics of Earthquakes

Earthquakes occur because of sudden move-
ments inside the earth, with simultaneous re-
lease of tremendous amounts of energy. The
location at which the temblor originates is
called the hypocenter. The point on the surface
of the earth directly above the hypocenter is
called the epicenter.

The shock produces both longitudinal and
transverse vibrations in the earth’s crust. The
shock waves travel at different velocities away
from the hypocenter, some traveling through
the earth’s crust and some along the ground
surface. The waves consequently arrive at
distant locations at different times. Hence, at
points away from the hypocenter, seismic vi-
brations are a combination of longitudinal,
transverse and surface waves. The effects are
made even more complicated by reflection of
waves from dense portions of the crust and
consequent magnification or reduction of vibra-
tion amplitudes where waves meet.

Normally, an earthquake starts with faint
vibrations of the ground surface, which last
only a short time. These usually are followed
by severe shock waves, which continue for a
longer period. Then, the vibrations gradually
vanish. The initial faint vibration registers
arrival of the first longitudinal waves. The
shocks occur because longitudinal, transverse
and surface waves arrive simultaneously.

Movements of the earth at any point during
an earthquake may be recorded with seismo-
graphs and plotted as seismograms. These
diagrams show the variation with time of
components of the displacements. Seismo-
grams of earthquakes that have occurred indi-
cate that seismic wave forms are very complex.

Measurements of ground accelerations that
occur during a temblor also are important.
Newton’s law states:

F=Ma=ga (6.6)
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where

F=force, b
M = mass accelerated
a = acceleration, ft per sec?
W = weight accelerated, 1b
g = acceleration due to gravity = 32.2 ft per
sec?

Hence, inertial forces resisting earthquake ac-
celerations are proportional to those accelera-
tions. Accelerations may be plotted as accelero-
grams, which show the variation with time of
components of the ground accelerations.

Seismic Severity. Several scales are in use for
measuring the severity of earthquakes.

A scale commonly used in the United States
for indicating seismic intensity is the Modified
Mercalli Scale, which is based on subjective
criteria. The scale has twelve divisions. The
more severe an earthquake is, the higher the
number assigned to it. Mercalli intensity I
indicates vibrations detected only by sensitive
instruments. Intensity V denotes waves felt by
nearly everyone. Intensity IX marks occur-
rence of considerable damage to well designed
structures. Intensity XII registers total damage.
Thus, the Mercalli scale indicates the severity
of an earthquake at a specific location.

Another scale used in the United States is
the Richter scale, which measures the magni-
tude of an earthquake. The scale is based on
the maximum amplitude of ground motion and
distance of the point of measurement of the
amplitude from the epicenter. Richter magni-
tudes range from zero to 89. The smallest
values correspond to the smallest Mercalli
intensities and the value of 8 approximately to
Merecalli intensity XI.

Influence of Ground Conditions. Investiga-
tions of earthquake damage indicate that there
is a marked difference in the degree of damage
in similar structures at different points at the
same distance from an epicenter. The differ-
ence in damage appears to be due to types of
soil at those points. (Sometimes, though, varia-
tions in damage may be due to magnification or
reduction of vibration amplitudes as a result of
wave reflections.)

Soil type affects intensity and wave form of
motion. Furthermore, some soils may suffer a
loss of strength in a temblor and allow large,
uneven settlements of foundations, with large
consequent property damage. Not only soils
near the surface but also earth deep down may
have these effects.

Observations indicate that movements are
very much larger in alluvial soils (sands or clays
deposited by flowing water) than in rocky areas
or diluvial soils (material deposited by glaciers).
Behavior of reclaimed land (fills) appears to be
even poorer than alluvial soils when subjected
to earthquakes. Seismic intensity seems to in-
crease in the following order: hard ground, sand
and gravel, sand, clay.

It seems, therefore, that disasters could be
averted by not placing buildings on sites with
soils that will have large displacements in
earthquakes.

Ground Motions. Seismic waves may reach a
building site from any direction. The ground
motions are vibratory in three dimensions—up
and down, back and forth horizontally. A
building supported by the ground subjected to
an earthquake has to move with the ground and
therefore also moves up and down and back
and forth horizontally. In accordance with
Newton’s law [see Eq. (6.6)], the accelerations
are accompanied by inertial forces equal to the
product of mass being accelerated and the ac-
celeration. The inertial forces act in the same
directions as the accelerations of the building.

Consequently, buildings should be designed
to resist seismic forces from any direction.
These forces are uncontrollable, random vari-
ables. Varying in intensity and direction with
time, they also are dynamic loads.

Design Loads

Seismic loads can be resolved into vertical and
horizontal components. Vertical components,
however, usually are of little concern in build-
ing design. Buildings are designed for gravity
loads with a conservative safety factor and
therefore have considerable reserve for resist-
ing additional vertical loads. Also, the added
strength and stiffness provided for withstand-



ing high winds is available for resisting earth-
quakes.

Major damage usually is caused by the hori-
zontal component of the seismic loads. Conse-
quently, buildings should be designed to resist
the maximum likely horizontal component.
(Note that the horizontal component can be
resolved into two perpendicular components
for convenience in design and analysis.)

Seismic loads can be determined from the ac-
celerations of the various parts of the building.
These motions depend on the ground motions
and the dynamic properties of the building.

With the aid of computers, probable seismic
design loads can be computed from historical
earthquake records and dynamic structural
analysis of the building. The calculations, how-
ever, are complex and their accuracy may be
questionable, because the historical records
may not be applicable to the site conditions
and future earthquakes may be completely dif-
ferent from previous ones.

Building codes may permit use of an alterna-
tive static loading for which structural analysis
is much simpler. This loading applies forces to
the parts of a building in proportion to their
weight.

To begin with, a total lateral force is specified.
This load is determined by multiplying the total
weight of the building by various coefficients.
The coefficients account for the seismic his-
tory of the zone in which the building will be
erected, the type of structural framing and the
dynamic properties of the building.

The static seismic loads are assumed to act
horizontally at each floor level. For buildings
more than two-stories high, a part of the total
lateral load is distributed to each floor in pro-
portion to the weight of building parts attribut-
able to that level. The roof, however, in recog-
nition of the dynamic behavior of buildings
under seismic loads, is assigned a force that de-
pends on the building height-width ratio. For
one-story and two-story buildings, a uniformly
distributed seismic loading may be specified be-
cause of their relatively large stiffness.

Response of Structures

Seismic resistance should be an integral part of
every building system. As for wind loads,
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seismic loads must be transmitted along con-
tinuous paths from the various parts of a build-
ing to ground strong enough to withstand those
loads. In addition, the building should be made
stiff enough to keep the amplitude of sidesway
within acceptable limits. Furthermore, since
the response of a building to seismic loads is a
vibratory motion, provision must be made to
damp the vibrations through absorption of the
energy of motion. For economy, systems de-
sign should utilize the lateral-force-resisting sys-
tem for both wind and earthquake resistance.

Designers should consider the possibilities of
different modes of failure in earthquakes and
provide against them. The failure modes pos-
sible generally are overturning or sliding, as for
wind loads; collapse like a house of cards; se-
vere twisting and excessive sidesway. Destruc-
tive sway may occur not only because of the
magnitude of the seismic forces but also, since
they are transient dynamic loads, because of
build up of vibrations.

Design Measures

A primary concern in aseismic design should be
to transmit seismic loads to ground strong
enough to resist them. Structural members
provided for this purpose should be strong
enough to transmit the imposed forces and
should be capable of controlling sidesway.
Also, the members should be ductile, so they
can absorb large amounts of energy without
breaking. Connections between members also
should be strong and ductile.

As for wind resistance, many devices, includ-
ing rigid frames, X bracing and shear walls, may
be used to transmit seismic loads to the ground
and to resist twisting of the building. Ductile
rigid frames, however, generally are advan-
tageous because of large energy-absorption
capacity.

Floors and roofs are usually relied on to
transmit the lateral forces to the resisting ele-
ments. In this role, a floor or roof may act as a
diaphragm, or deep horizontal beam. (Hori-
zontal bracing, however, may be used instead.)
Diaphragms with openings, for stairs or eleva-
tors, should be reinforced around the openings
to bypass the horizontal forces.

Overturning and sliding can be resisted, as for
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wind, by utilizing the weight of the building
and anchoring the building firmly to its founda-
tions. In addition, it is desirable that individual
footings, especially pile and caisson footings, be
tied to each other to prevent relative movement.

As for wind loads, sidesway can be controlled
by proper shaping of a building, arrangements
of structural components to resist drift, and
selection of members with adequate dimensions
and geometry to withstand changes in dimen-
sions. No precise criteria placing limitations on
sidesway are available. Some engineers have
suggested that, for buildings over 13 stories
high and with ratios of height to least base
dimension exceeding 2.5, drift in any story
should not be more than 0.25% of the story
height for wind or 0.5% of the story height for
earthquakes (computed for the equivalent static
load previously described).

Curtain walls and partitions should be capable
of accommodating building movements caused
by lateral forces or temperature changes. Con-
nections and intersections should allow for a
relative movement between stories of at least
twice the drift per story. Also, sufficient sep-
aration should be provided between adjacent
buildings or between two elements of an irregu-
lar building to prevent them from striking each
other during vibratory motion.

Structural framing is further discussed in
Chap. 8.
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Words and Terms

Bracing
Damping

Aseismic
Braced frame

Diaphragm Richter scale
Drift Overturn
Dyanamic loads Rigid frame
Earthquake Shear wall
Gust Torsion
Modified Mercalli Scale Uplift

Significant Relations, Functions, and
Issues

Influence of building size, form, weight, and location on
wind and earthquake effects.

General nature of critical wind and earthquake effects on
building components (roof, walls, bracing) and the
building as a whole.

Computation of wind and earthquake effects for design.

Basic types and details of lateral bracing systems.

6.3. FIRE

Loss of life, injuries and property damage in
building fires in the past have been tragically
large. In an effort to curtail these losses, build-
ing officials devote far more than half of the
usual building codes to fire protection. As a re-
sult, owners must spend considerable sums of
money to provide fire protection in buildings to
meet code requirements. Designers therefore
are professionally obligated not only to abide
by the word of the law but also by its spirit.
Also, obligated to the economic welfare of the
owners, designers, in addition, should seek ways
to provide life safety in buildings and to avoid
or minimize property damage due to fires at
least cost to the owners.

An owner pays for fire protection in several
ways. Initially, he pays for installation of fire
protection when a building is constructed.
Then, he pays for maintenance and operation
of the fire-protection system. Also, usually as
long as he maintains ownership, he pays fire-
insurance premiums every year to cover pos-
sible fire losses. The last payments may amount
to a considerable sum over a long period.

Building designers can help lower those costs
by providing fire protection that will secure for
the owner lower fire-insurance premiums. This,
however, may result in higher construction and
operation costs. The design effort nevertheless
should aim at optimizing life-cycle costs, the



sum of construction, operation, maintenance
and insurance costs.

Because of insurance companies’ concern
with fire protection, they have promulgated
many standards for the purpose that are widely
used. Many have been adopted by reference in
building codes and are specified by government
agencies. Generally, insurance-oriented stan-
dards, such as those of the National Fire Protec-
tion Association and Factory Mutual System,
are primarily concerned with avoiding property
losses by fire, whereas municipal building codes
mainly aim at life safety. Building designers
therefore should consider both standards for
life safety and those protecting the owners’ eco-
nomic interests by preventing property damage.
Standards, however, usually present minimum
requirements. Often, public safety and the
owners’ special needs require more stringent
fire protection and emergency measures than
those specified in building codes and standards.

The multivolume ‘‘National Fire Codes’’ of
the National Fire Protection Association,
Quincy, MA 02269, contains more than 200
standards, which are updated annually.

The Factory Mutual Engineering Corpora-
tion, Norwood, MA 02062, publishes stan-
dards applicable to properties insured by the
Factory Mutual System. FM also has available
a list of devices it has tested and approved.

Underwriters Laboratories, Inc., 333 Pfing-
sten Road, Northbrook, IL 60062, makes fire
tests in its laboratories and reports the fire re-
sistance found for various types of construc-
tions. UL reports the devices and systems it ap-
proves in ‘‘Fire Protection Equipment List,”’
which is updated bimonthly and annually. Also,
UL lists approved building components in
‘‘Building Materials List.”’

For federal government buildings, require-
ments of the General Services Administration
must be observed.

Many other government agencies also prom-
ulgate standards that must be adhered to, even
for nongovernmental buildings. Many stan-
dards of the federal Occupational Safety and
Health Administration, for example, are con-
cerned with life safety in fires. Also, many
states have safety codes applicable to commer-
cial and industrial buildings. These codes may
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be administered by a state Department of La-
bor, Fire Marshal’s office, Education Depart-
ment or Health Department.

The American National Standards Institute,
Inc., also promulgates standards affecting life
safety in buildings. In particular, ANSTA117.1,
“Specifications for Making Buildings and Facili-
ties Accessible to and Usable by the Physically
Handicapped,” is applicable to building design
for both normal and emergency conditions.

Fire Loads and Resistance Ratings

Fires occur in buildings because they contain
combustibles, materials that burn when ignited.
The potential severity of a fire depends on the
amount and arrangement of these materials.

Combustibles may be present within a build-
ing or in the building structure. Contents of a
building are related to the type of occupancy,
whereas combustibility of structure is related
to type of construction. Accordingly, building
codes classify buildings by occupancy and con-
struction, as described in Sec. 3.5.

Fire load, measured in pounds per square foot
(psf) of floor area, is defined as the amount of
combustibles present in a building. Heat con-
tent liberated in a fire may range from 7,000
to 8,000 Btu per 1b for materials such as paper
or wood to more than twice as much for mate-
rials such as petroleum products, fats, waxes
and alcohol.

Fire load appears to be closely related to fire
severity. Burnout tests made by the National
Institute of Science and Technology indicate the
relationship shown in Table 6.2.

Fire resistance of building materials and as-
semblies of materials is determined in stan-
dardized fire tests. In these tests, temperature
is made to vary with time in a controlled man-
ner. Figure 6.4 shows a standard time-temper-
ature curve usually followed. The ability of
constructions to withstand fire in these tests is
expressed as a fire rating in hours. Fire ratings
determined by Underwriters Laboratories, Inc.,
are tabulated in the UL ‘‘Building Materials
List.”

Building codes classify types of construction
in accordance with fire ratings of structural
members, exterior walls, fire divisions, fire
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Table 6.2. Relation between Weight of Com-
bustibles and Fire Severity®

Average
Weight of
Combustibles, Equivalent Fire

Psf Severity, Hr
s z

10 1

20 2

30 3

40 41

50 6

60 1%

“Based on National Bureau of Standards Report BMS92,
“‘Classifications of Building Constructions,”” U.S. Gov-
ernment Printing Office, Washington, D.C.
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Fig. 6.4. Standard time-temperature curve for fire
tests of building components.

separations and ceiling-floor assemblies. Codes
usually also specify the ratings required for in-
terior finishes of walls, ceilings and floors.
Methods for determining such ratings are de-
scribed in standards of ASTM, formerly Amer-
ican Society for Testing and Materials, such as
E84 and E119. The UL ‘‘Building Materials
List’” also reports such ratings.

Building codes, however, do not relate life-
safety hazards directly to fire load. Instead,
codes deal with hazards through requirements
for interior finishes, ventilation and means of
egress in event of fire.

Height and Area Restrictions

To limit the spread of fire and the length of
travel of occupants to places of refuge, build-

ings may be compartmented horizontally and
vertically. Fire-resistant floors and ceilings are
used to prevent fire from spreading from story
to story. Fire-resistant walls, called fire walls,
are used to prevent fire from spreading hori-
zontally. Openings in these fire barriers for
passage of occupants in normal or emergency
circumstances also must be fire protected.

Building codes may restrict building height
and floor areas included between fire walls in
accordance with potential fire hazards associated
with type of occupancy and type of construc-
tion. Usually, the greater the fire resistance of
the structure the greater the permissible height
and floor area. Because of the excellent past
record of sprinklers in early extinguishment or
control of fires, greater heights and larger floor
areas are often permitted when automatic
sprinklers are installed.

Classes of Fires

Methods used for extinguishing some burning
materials may not be suitable for others. Hence,
for convenience in indicating the effectiveness
of extinguishing media, such as water, powders,
gases or foam, fires may be classified in accor-
dance with the type of combustible material
burning. A classification system developed by
Underwriters Laboratories, Inc., defines the fol-
lowing four types of fires:

Class A fires. Ordinary combustibles. Extin-
guishable with water or by cooling or by coat-
ing with a suitable chemical powder.

Class B fires. Flammable liquids. Extinguish-
able by smothering or careful application of a
cooling agent.

Class C fires. Live electrical equipment. Ex-
tinguishable with a nonconducting medium. A
conducting agent can be used if the circuit is in-
terrupted.

Class D fires. Metals, such as magnesium,
powdered aluminum and sodium, that burn.
Extinguishable by specially trained personnel
applying special powders.

6.4 FIRE EXTINGUISHMENT

Writers of building codes and concerned build-
ing designers generally take the position that a
fire will occur in any building and then proceed



to consider what can be done about it. For pres-
ervation of the building, as well as the safety
of the occupants, a major concern is for the
rapid extinguishing of the fire. The means for
achieving this vary, depending on the building
form and construction, the occupancy and the
nature of the combustible materials that fuel the
fire. This section discusses some of the ordi-
nary means for extinguishing building fires.

Sprinklers

Automatic sprinklers have proven very effec-
tive in early extinguishment of fires. In fact,
that is their main purpose; but they are also
useful in curtailing the spread of fire and hot
gases by cooling the environment around a fire.
Sprinklers are suitable for extinguishing Class A
fires. Sprinklers also may be used for some
Class B and Class C fires.

A sprinkler system basically consists of fire
detectors, water for extinguishing fires, heads
for discharging the water when actuated by the
detectors, and piping for delivering the water to
the heads. Heads should be located at ceiling
and roof levels to completely cover the interior
of the building. Intervals between heads on the
piping should be small enough to provide de-
sired concentration of water on every square
foot of floor.

Requirements governing design and installa-
tion of sprinkler systems are given in building
codes and in standards of the National Fire Pro-
tection Association and Factory Mutual System.
Generally, the requirements of the local code
will govern, but designers should check with the
owner’s insurance carrier to determine if other
standards may also apply. If such standards are
ignored, the owner may have to pay higher than
necessary fire-insurance premiums.

Standpipes

A standpipe is a water pipe within a building
to which hoses may be attached for fire fight-
ing. Standpipes are required in buildings in
which fires may occur too high to be reached
by ground-based fire-department equipment.
These pipes also may be necessary in low build-
ings with large floor areas, the interiors of
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which may be difficult to reach with hose
streams from the outside.

Sprinklers and standpipes are further dis-
cussed as part of the plumbing system in
Sec.94.

Chemical Extinguishing Systems

Small fires in buildings in ordinary materials,
such as paper, wood and fabrics, when first
starting, often may be rapidly extinguished
with water, propelled by compressed gases,
from hand-held extinguishers. Building codes
may require such extinguishers to be located
at convenient places in buildings. Occupants
should be taught to operate the extinguishers.
There is a risk in their use, however, in that the
attempt to fight a fire with an extinguisher may
delay notification of the fire department or
other better-equipped fire fighters of the pres-
ence of the fire.

Instead of plain water for extinguishing fires,
chemicals or water plus chemicals may be used.
Applied by automatic sprinklers, hoses, hand-
held extinguishers, portable wheeled equipment
or larger devices, chemicals may be desirable or
necessary for fires in certain materials.

Foams. For flammable liquids, such as gas-
oline, a foamed chemical, mostly a conglom-
eration of air- or gas-filled bubbles, may be
useful. Three types are suitable for fire extin-
guishment: chemical foam; air, or mechanical,
foam; and high-expansion foam. Chemical
foam is formed by the reaction of water with
powders. Usually, sodium bicarbonate and alu-
minum sulfate are used, forming carbon-diox-
ide bubbles. Air, or mechanical, foam is pro-
duced by mixing water with a protein-based
chemical concentrate. High-expansion foam is
generated by passage of air through a screen
constantly wetted by a chemical solution, usu-
ally with a detergent base. The volume of foam
produced by this method relative to the volume
of water used is a great many times the volume
produced by the other methods. The foams ex-
tinguish a fire by smothering it and cooling the
surface.

Carbon Dioxide. For flammable liquids or
live electrical fires, carbon dioxide may be use-
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ful. It is also suitable for equipment fires, such
as those in gasoline or diesel engines, because
the gas requires no cleanup. Stored in con-
tainers under pressure, it is immediately ready
for discharge when a valve is opened. Heavier
than air, the gas tends to drop into the base of
a fire and extinguish it by reducing the oxygen
concentration.

Halon 1301. For use in the same circum-
stances as carbon dioxide, bromotrifluorome-
thane (CBrF;), or Halon 1301, acts much
faster. This gas also requires no cleanup. It ex-
tinguishes fires by interfering with the chain re-
action necessary to maintain combustion.

Dry Chemicals. For Class B and C fires, dry
chemicals, such as sodium bicarbonate, may be
suitable. They tend to extinguish fires by
breaking the chain reaction for combustion.
When dry chemicals are used, cleanup after a
fire may be difficult.

Dry Powders. For combustible metals, dry
powders, different from the dry chemicals pre-
viously mentioned, usually are the most suita-
ble extinguishing agent. Specific metals re-
quire specific dry powders. Fires in metals
should be fought only by properly trained per-
sonnel.

6.5. EMERGENCY EGRESS

For life safety in buildings in event of fire or
other emergencies, provisions must be made for
safe, rapid egress of occupants, at least from
the dangerous areas and preferably also from
the buildings. The escape routes must be fire
protected and smoke free to allow safe passage
of occupants.

An exit is a means of egress from the interior
of a building to an open exterior space beyond
the reach of a building fire. The means of egress
may be provided by exterior door openings and
enclosed horizontal and vertical passageways.

Section 6.3 points out the desirability of using
fire walls to compartment buildings, to limit the
spread of fire and the length of travel to places
of refuge. It is also necessary within compart-
ments to use on floors, ceilings and walls in-
terior finishes that will not spread flames.

In addition, structural members should have
sufficiently high fire ratings to prevent collapse,
for a few hours at least. The objectives of this
are to allow all occupants to be evacuated and
to give fire fighters time to extinguish the fire.
If structural members are inadequate for the
purpose, they may be fire protected with other
materials. For example, beams and columns
may be encased in concrete, enclosed with plas-
ter, gypsum blocks or gypsumboard, or sprayed
with insulating material.

Section 6.4 discusses the use of automatic
sprinklers to extinguish fires as soon as they
start and to cool surrounding areas. Also, it is
important, as soon as fire is detected, to sound
an alarm and notify the fire department. In ad-
dition, a communications system should in-
struct occupants on the evacuation procedure to
be followed or other precautionary measures.

There is great danger of panic in emergency
situations. Panic, however, seldom develops if
occupants can move freely toward exits that
they can see clearly, that are within a short dis-
tance and that can be reached by safe, unob-
structed, uncongested paths. Thus, the objec-
tive of life-safety design should be to provide
such rapid, safe egress from all areas of build-
ings that will preclude development of panic.
Moreover, more than one path to safety should
be provided in case one safe means of escape
becomes unavailable. All paths must be acces-
sible to and usable by handicapped persons, in-
cluding those in wheelchairs, if they may be
occupants.

To permit prompt escape of occupants from
danger, building codes specify the number, size,
arrangement and marking of exit facilities, in
addition to other life-safety measures. The re-
quirements depend on the types of occupancy
and construction.

Generally, building codes require a building
to have at least two means of egress from every
floor of a building. These exits should be re-
mote from each other, to minimize any possi-
bility that both may become blocked in an
emergency.

Codes usually also specify that exits and
other vertical openings between floors of a
building be fire protected, to prevent spread of
fire, smoke or fumes between stories.

In addition, codes limit the size of openings



Table 6.3. Maximum Sizes of
Openings in Fire Walls
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Table 6.4. Typical Occupant Load
Requirements for Buildings

Max
Protection of Max area, | dimension,
adjoining spaces sq ft ft
Unsprinklered 120% 122
Sprinklers on both sides 150% 15°
Building fully sprinklered | Unlimited? | Unlimited®

%But not more than 25% of the wall length or 56 sq ft
per door if the fire barrier serves as a horizontal exit.
bBut not more than 25% of the wall length.

Based on New York City Building Code.

in fire walls (see Table 6.3). Furthermore,
openings must be fire protected. For example,
a door used for an opening in a fire wall should
be a fire door, one that has a fire rating com-
mensurate with that of the wall, as required by
the building code.

Required Exit Capacity

Means of egress in event of fire or other emer-
gencies should have sufficient capacity to per-
mit rapid passage of the anticipated number of
escapees. This number depends on a factor
called the occupant load.

Occupant load of a building space is the maxi-
mum number of persons that may be in the
space at any time. Building codes may specify
the minimum permitted capacity of exits in
terms of occupant load, given as net floor area,
sq ft, per person, for various types of occu-
pancy (see Table 6.4). In such cases, the num-
ber of occupants per space can be computed by
dividing the floor area, sq ft, by the specified
occupant load.

The occupant load of any space should in-
clude the occupant load of other spaces if the
occupants have to pass through that space to
reach an exit.

With the occupant load known, the required
opening width for exits can be determined by
dividing the number of occupants per space by
the capacity of the exit.

Capacity of exits is measured in units of 22
in. of width. (Fractions of a unit of width less
than 12 in. should be ignored, but 12 in. or
more added to a full unit may be counted as
one-half unit.) Building codes may specify the

Net floor
area per
occupant,
Occupancy sq ft

Bowling alleys 50
Classrooms 20
Dance floors 10
Dining spaces (nonresidential) 12
Garages and open parking structures 250
Gymnasiums 15
Habitable rooms 140
Industrial shops 200
Institutional sleeping rooms

Adults 75

Children 50

Infants 25
Kindergartens 35
Libraries 25
Offices 100
Passenger terminals or platforms 1.5¢?
Sales areas (retail)

First floor or basement 25

Other floors 50
Seating areas (audience) in places of

assembly

Fixed seats pb

Movable seats 10

ec= capacity of all passenger vehicles that can be un-
loaded simultaneously.

D = number of seats or occupants for which space is
to be used.

Based on New York City Building Code.
maximum design capacity of an opening as the
number of persons per 22-in. unit, for various
types of occupancy (see Table 6.5).

When occupant load is divided by unit ca-
pacity to determine the minimum required exit
width, a mixed fraction may result. In such
cases, the next larger integer or integer plus
one-half should be used to determine the exit
dimensions.

Building codes, however, also specify a mini-
mum width for exits (see Table 6.5) and may
require at least two separated exits. These re-
quirements govern. Generally, building codes
set the minimum width of corridors at 44 in.
and exit door openings at 36 in. (See also Sec.
16.2.)

Example. Determination of Door Width

An office has 20,000 sq ft of open floor area.
The building code requires at least two exits,
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Table 6.5. Capacity of Exits, Persons per
22-in. Unit of Exit Width

To Min
outdoors | Other corridor

Occupancy type at grade | doors | width, in.
High hazard 50 40 36
Storage 75 60 36
Mercantile 100 80 44
Industrial 100 80 44
Business 100 80 44
Educational 100 80 66
Institutional

For detention 50 40 44

For handicapped 30 30 96
Hotels, motels,

apartments 50 40 44

From From
assembly safe
place area

Assembly 44

Theaters 50 100

Concert halls 80 125

Churches 80 125

Outdoor structures 400 500

Museums 80 125

Restaurants 50 100

each protected by 2-hr fire doors. The exits
lead to stairways. How wide should each door
opening be?

Table 6.4 gives the occupant load for offices
as 100 sq ft per occupant. Therefore, the space
may be occupied by 20,000/100, or 200 per-
sons. (If the designer knows that the owner
plans to employ more than 200 persons in that
office area, calculations should be based on the
actual number to be employed.) Table 6.5
gives the allowable exit capacity per unit for
business occupancies as 80 persons. The num-
ber of units of width required then is 200/80,
or 2.5 units. If these are divided equally into
two openings, each exit would be 2.5/2, or 1.25
units wide. Width of each opening required,
therefore, is 1 X 22 + 12 =34 in. Use the min-
imum permitted opening of 36 in.

Travel Distance and Dead-End Limits

To insure that occupants will have sufficient
time to escape from a dangerous area, building

codes limit the travel distance from the most re-
mote point in any room or space to a door that
opens to an outdoor space, stairway or exit pas-
sageway. The maximum distance permitted de-
pends on the type of occupancy and whether
the space is sprinklered. For unsprinklered
spaces, for example, maximum permitted travel
may range from 100 ft for storage and institu-
tional buildings to 150 ft for residential, mer-
cantile and industrial occupancies. For sprin-
klered spaces, maximum permitted travel may
range from 150 ft for high-hazard and storage
buildings to 300 ft for businesses, with 200 ft
usually permitted for other types of occupancy.

Lengths of passageways or courts that lead to
a dead end also are restricted or prohibited (for
high-hazard occupancies). For example, a code
may set the maximum length to a dead end as
30 ft for assembly, educational and institu-
tional buildings, 40 ft for residential buildings
and 50 ft for all other occupancies, except high
hazard.

Location of Exits

All exits and access facilities should be placed
$0 as to be clearly visible to occupants who may
have to use them, or their locations should be
clearly marked. If an exit is not immediately
accessible from an open floor area, a safe con-
tinuous passageway should be provided di-
rectly to the exit. The path should be kept un-
obstructed at all times. Furthermore, it should
be so located that occupants will not have to
travel toward any high-hazard areas not fully
shielded.

Types of Exits

Building codes generally indicate what types of
facilities may qualify as exits. These usually
include:

Corridors—enclosed  public  passageways,
which lead from rooms or spaces to exits. Min-
imum floor-to-ceiling height is 7 ft 6 in., al-
though 7 ft may be permitted for short stretches.
Minimum width depends on type of occupancy
(see Table 6.5). Building codes may require
subdivision of corridors into lengths not ex-



ceeding 300 ft for educational buildings and
150 ft for institutional buildings. The subdivi-
sion should be accomplished with noncombus-
tible partitions incorporating smoke-stop doors.
Codes also may require the corridor enclosures
to have a fire rating of 1 or 2 hrs.

Exit Passageways—horizontal extensions of
vertical exits, or a passage leading from a yard
or court to an outdoor space. Minimum floor-
to-ceiling height is the same as for corridors.
Width should be at least that of the vertical exit.
Building codes may require the passageway en-
closures to have a 2-hr fire rating. A street-
floor lobby may serve as an exit passageway if
it is sufficiently wide to accommodate the oc-
cupant load of all contributing spaces on the
lobby floor.

Exit Doors—doors providing access to streets
(these doors need not have a fire rating) and
doors to stairs and exit passageways (%-hr fire
rating). (See also Sec. 16.2.)

Horizontal Exit—access to a refuge area. The
exit may consist of doors through walls with 2-
hr fire rating, balcony offering passage around
a fire barrier to another compartment or build-
ing, or a bridge or tunnel between two buildings.
Doors should have a fire rating of 1% hr, except
that doors in fire barriers with 3- or 4-hr fire
rating should have a 1%-hr rated door on each
face of the fire division. Balconies, bridges and
tunnels should be at least as wide as the doors
opening on them and their enclosures or sides
should have a fire rating of 2 hr. Exterior-wall
openings below any open bridge or balcony, or
within 30 ft horizontally of such construction
should have 3-hr fire protection.

Interior Stairs—stairs within a building that
serve as an exit. Building codes generally re-
quire such stairs to be constructed of noncom-
bustible materials but may except one-story or
two-story, low-hazard buildings.  Stair en-
closures should have a 2-hr fire rating, except
in low dwellings, where no enclosure may be
required. (See also Sec. 14.2.)

Exterior Stairs—stairs that are open to the
outdoors and that serve as an exit to ground
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level. Building codes limit the height of such
stairs, often to not more than 75 ft or six stories.
The stairs usually should be constructed of non-
combustible materials and topped with a fire-
resistant roof. Openings in walls within 10 ft
of the stairs should have 3-hr fire protection.

Smokeproof Tower—a continuous fire-resis-
tant enclosure protecting a stairway from fire
or smoke in a building. Passage between build-
ing and tower should be provided on every
floor by vestibules or balconies directly open
to the outdoors. Enclosures should have a 2-hr
fire rating. Access to the vestibules or balconies
and entrances to the tower should be through
doorways at least 40 in. wide, protected by self-
closing fire doors. The vestibules or balconies
should be at least as wide and long as the re-
quired doorway width.

Escalators—moving stairs. These may be used
as exits instead of interior stairs if they meet
applicable requirements of such stairs and if
they move in the direction of exit travel or stop
gradually when an automatic fire detection sys-
tem signals a fire.

Moving Walks—horizontal or inclined con-
veyor belts for passengers. These may be used
as exits if they meet the requirements for exit
passageways and move in the direction of exit
travel or stop gradually when an automatic fire
detection system signals a fire.

Fire Escapes—exterior stairs, with railings,
that are open to the outdoors, except possibly
along a building exterior wall. These formerly
were permitted but generally no longer are.

Elevators are not recognized as a reliable
means of egress in a fire.

Refuge Areas

A refuge area is a space safe from fire. The ref-
uge should be at about the same level as the
areas served and separated from them by con-
struction with at least a 2-hr fire rating. Fire
doors to the refuge area should have at least a
13-hr fire rating.

Size of the refuge area should be adequate for
the occupant load of the areas served, in addi-
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tion to its own occupant load, allowing 3 sq ft
of open space per person (30 sq ft per person
for hospital or nursing-home patients). There
should be at least one vertical exit and, in loca-
tions over 11 stories above ground, one elevator
for evacuation of occupants from the refuge
area.

6.6. FIRE PROTECTION

Preceding sections have considered two of the
primary concerns with regard to building fires:
the rapid control and extinguishing of the fire
and the egress of the building’s occupants in a
safe manner. There are many other factors re-
lating to potential damage or injury from fires
that may have some bearing on the building de-
sign. This section discusses some of the other
major concerns for general protection from the
hazards of fires.

Fire-Detection Devices

The next best thing to preventing a fire from
occurring is to detect it as soon as it starts or in
an incipiént stage. Many devices are available
for early detection of fires. When a fire occurs
near one, the device can perform automatically
serveral important operations, such as sound an
alarm locally; notify a central station and the
fire department; open automatic sprinklers; start
and stop fans, industrial processes, escalators
and elevators; shut fire doors.

Underwriters Laboratories, Inc. (UL) has
tested and reported on many fire-detection de-
vices. On approving a device, UL specifies the
maximum distance between detectors giving
area coverage. Often, however, building condi-
tions may make closer spacing advisable.

Detectors may be classified into five types,
depending on method of operation: fixed-
temperature, rate-of-rise, photoelectric, com-
bustion-products and flame.

Fixed-Temperature Detectors. These de-
vices are set to signal a fire when one element
is subjected to a specific temperature. There
may, however, be a delay between the time
when ambient (room) temperatures rise beyond

this temperature and the element attains it. For
example, ambient temperature may reach about
200°F by the time the detector reaches its rated
temperature of 135°F. Several different types
of fixed-temperature detectors are available.
They usually are designed to close an electric
circuit when the rated temperature is reached.

Rate-of-Rise Detectors. Operating inde-
pendently of heat level, these detectors signal
a fire when temperature rises rapidly. For ex-
ample, a detector may operate when it registers
a temperature rise at the rate of 10°F or more
per min. Rate-of-rise detectors do not have the
disadvantage of thermal lag as do fixed-tem-
perature devices. Several different types of rate-
of-rise detectors are available.

Photoelectric Detectors. These are actuated
when visibility is decreased by smoke. In a
photoelectric detector, a light ray is directed
across a chamber so as not to strike a photo-
electric cell. If smoke particles collect in the
chamber, they deflect the ray so that it im-
pinges on the cell, thus causing an electric cur-
rent to flow in a warning circuit. Photoelectric
detectors are useful where a potential fire may
generate considerable smoke before much heat
develops or flames can be observed.

Combustion-Products Detectors. As the
name implies, these devices signal a fire when
they detect products of combustion. They may
be ionization or resistance-bridge types. The
ionization type employs gases ionized by alpha
particles from radioactive material to detect a
change in the composition of ambient air. The
resistance-bridge type operates when combus-
tion products change the electrical impedance
of an electric bridge grid circuit. Both types are
useful for giving early warning of a fire, when
combustion products are still invisible.

Flame Detectors. These devices signal a fire
when they detect light from combustion. One
type detects light in the ultraviolet range,
whereas another type detects light in the in-
frared range.



Smoke and Heat Stops and Vents

A fire gives off heat and often a considerable
amount of smoke. Both products can build up
rapidly to lethal concentrations and spread the
fire, if confined within the building. Conse-
quently, in addition to immediate application
of large quantities of water or chemicals to
smother the fire or cool the fire source and sur-
rounding space, speedy removal of the heat and
smoke from the building is necessary. Methods
of doing this depend on the size of buildings
and whether they are one story high or
multistory.

Small buildings can release heat and smoke
through open or broken windows or through
roof vents.

Large, one-story buildings, such as those used
for manufacturing and storage, may have inte-
rior areas cut off by fire walls or too far from
exterior walls for effective venting through win-
dows. Often, such buildings are impracticable
to vent around the perimeter because they are
windowless. Hence, for large, one-story build-
ings, the only practical method for removing
heat and smoke from a fire usually is through
openings in the roof. (Venting is desirable as
an auxiliary safety measure even when buildings
are equipped with automatic sprinklers.)

Generally, smoke and heat should be vented
from large, one-story buildings by natural draft.
The discharge apertures of the vents should al-
ways be open or otherwise should open auto-
matically when a fire is detected. Vents that
may be closed should be openable by fire
fighters from the outside. Venting may be
done with monitors (openable windows that
project above the main roof), continuous vents
(narrow slots with a weather hood above), unit-
type vents or sawtooth skylights.

As a guide, Table 6.6 gives an approximate
ratio for determination of vent area. In decid-
ing on the area to be used, designers should
consider the quantity, size, shape and combus-
tibility of building contents and structure.
They should provide sufficient vent area to pre-
vent dangerous accumulations of smoke during
the time necessary for evacuation of the floor
area to be served, with a margin of safety to al-
low for unforeseen situations.
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Table 6.6. Approximate Areas and
Spacings for Roof Vents

Ratio of vent area Maximum

Type of contents to floor area spacing, ft
Low heat release 1:150 150
Moderate heat release 1:100 120
High heat release 1:30 75

Unit-type vents come in sizes from 4 X 4 ft to
10X 10 ft. The maximum distance between
vents usually should not exceed the spacing
given in Table 6.6. Generally, a large number
of closely spaced, small vents is better than a
few large vents. The reason for this is that with
close spacing the probability is greater that a
vent will be close to any location where a fire
may occur.

In multistory buildings, only the top story
can be vented through the roof. Often, the
windows are normally closed, and even when
openable, they are not operable automatically.
Consequently, heat and smoke in lower-story
fires must be collected at the source, ducted
through the stories above and discharged above
the roof. Shafts should be provided for this
purpose.

Each smoke shaft should be equipped with an
exhaust fan. In buildings with air-conditioning
ducts, return-air ducts, which will pick up smoke,
should be controlled with dampers to discharge
into a smoke shaft when smoke is detected. A
smoke detector installed at the inlet to each
return-air duct should actuate the smoke ex-
haust fan and the dampers. When smoke is de-
tected, the smoke exhaust fan should start and
supply-air blowers should stop automatically.
Manual override controls, however, should be
installed in a location that will be accessible un-
der all conditions. Smoke-detector operation
should be supervised from a central station.

To prevent spread of fire from one part of a
building to another and to confine the smoke
and heat of a fire to one area from which they
can be exhausted safely, building codes require
compartmentation of a building by fire divi-
sions. The floor area permitted to be included
between fire divisions depends on types of oc-
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cupancy and construction and whether the
building is sprinklered.

A fire division is any construction with the
fire-resistance rating and structural stability un-
der fire conditions required for the types of oc-
cupancy and construction of the building to bar
spread of fire between adjoining buildings or
between parts of the same building on opposite
sides of the division.

A fire division may be an exterior wall, fire
window, fire wall, fire door, floor, ceiling or
firestop.

A firestop is a solid or compact, tight closure
incorporated in a concealed space in a building
to retard spread of flames or hot gases. Every
partition and wall should be firestopped at each
floor level, at the top-story ceiling level and at
the level of support for roofs. Also, every large
unoccupied attic space should be subdivided by
firestops into areas of 3,000 sq ft or less. In
addition, any large plenum or space between a
ceiling and floor or roof should be subdivided.
Firestops extending the full depth of the space
should be placed along the line of supports of
the structural members and elsewhere to en-
close spaces between ceiling and floor with
areas not exceeding 1,000 sq ft nor 3,000 sq ft
when between ceiling and roof.

For life safety of occupants during evacuation
from multistory buildings through smokeproof
towers, it is desirable to pump fresh air into the
towers to pressurize them. Maintenance of a
higher-than-normal air pressure is intended to
prevent smoke from entering the towers through
openings in the enclosure that may not be com-
pletely closed. The procedure, however, has
some disadvantages. One is that the pressure
may make opening doors to leave the tower dif-
ficult. Another is that in many buildings stand-
pipe connections are located in the towers and
fire fighters have to open the door to the fire
floor to move a hose toward the fire. This dis-
advantage can be overcome by placing the hose
valves within the building at the tower doors, if
permitted by the building code, while leaving
the standpipe, as customary, in the smokeproof
tower.

Systems Design for Fire Protection

Sections 6.3-6.6 described the elements nec-
essary for life safety and protection of property

in event of fire or other emergencies in build-
ings. In summary, these elements are:

1. Limitation of potential fire loads, with re-
spect to both combustibility and ability
to generate smoke and toxic gases.

2. Compartmentation of buildings by fire di-
visions to confine a fire to a limited space.

3. Provision of refuge areas and safe evacua-
tion routes to outdoors.

4. Prompt detection of fires, with warning to
occupants who may be affected and notifi-
cation of presence of fire to fire fighters.

5. Communication of instructions to occu-
pants as to procedures to adopt for safety,
such as to stay in place, proceed to a desig-
nated refuge area or evacuate the building.

6. Early extinguishment of any fire that may
occur, primarily by automatic sprinklers
but also by trained fire fighters.

7. Provision, for fire fighting, of adequate
water supply, appropriate chemicals, ade-
quate-sized piping, conveniently located
valves, hoses, pumps and other equipment
necessary.

8. Removal of heat and smoke from the
building as rapidly as possible without ex-
posing occupants to them, with the HVAC
system, if one is present, assisting in vent-
ing the building and by pressurizing smoke-
proof towers, elevator shafts and other
exits.

Emergency Power

In addition, not discussed before, a standby
electric power and light system should be in-
stalled in large buildings. The system should be
equipped with a generator that will start auto-
matically on failure of normal electric service.
The emergency electric supply should be ca-
pable of operating all emergency electric equip-
ment at full power within 60 seconds of failure
of normal service. Emergency equipment to be
operated includes lights for exits, elevators for
fire fighters, escalators and moving walks desig-
nated as exits, exhaust fans and pressurizing
blowers, communications systems, detectors,
and controls needed for fire fighting and life
safety during evacuation of occupants.



Emergency Elevators

The vertical transportation system should make
available at least one elevator for control by fire
fighters, to give them access to any floor from
the street-floor lobby. Elevator controls should
be designed to preclude elevators from stopping
automatically at floors affected by fire. In the
past, lives have been lost when fires damaged
elevator signaling devices, stopping elevators
with passengers at the fire floor and opening
the elevator doors.

Systems Design for Life Safety

For maximum protection of life and property
in event of fire or other emergency at least cost,
all the preceding elements should be integrated
into a single life-safety system so that they
work in unison to meet all objectives.

Some of the elements may be considered per-
manent. They require no supervision other
than that necessary for ordinary maintenance.
These elements include the various fire divisions,
structural members and exits. With the systems
design approach, cost of the fire-resistance
functions of these building components can be
offset by assigning them additional functions,
where feasible.

Other elements, such as detectors, automatic
sprinklers and the emergency HVAC system, re-
quire at least frequent observation of their con-
dition, if not constant supervision.

Supervision can be efficiently provided by
personnel at a properly equipped control cen-
ter, which may include an electronic computer,
supplemented by personnel performing sched-
uled maintenance. The control center can con-
tinuously monitor alarms, gate valves, temper-
atures, air and water pressures and perform
other pertinent functions. In addition, in emer-
gencies, the control center can hold two-way
conversations with occupants throughout the
building and notify the fire and police depart-
ments. Furthermore, the control center can
dispatch investigators to sources of potential
trouble or send maintenance personnel to make
emergency repairs, when necessary.

For more efficient operation of the total
building system and greater economy, the con-
trol center can also be assigned many other
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functions. The center can become the key ele-
ment of a system that, for example:

Meets life-safety objectives

Warns of intruders

. Controls HVAC to conserve energy
Switches on emergency power

. Turns lights on and off

Communicates with building occupants,
when necessary

Schedules building maintenance and repair
8. Puts elevators under manual control for
emergencies

NN bW~

~

SECTIONS 6.3 TO 6.6

References

Uniform Building Code, International Conference of
Building Officials, 1988.

Standard Building Code, Southern Building Code Con-
gress International, 1988.

Life Safety Code, National Fire Protection Association,
1988.

Fire Protection Handbook, NFPA

Words and Terms

Class of fire, A to D
Combustible

Egress in emergency
Extinguishment

Exit and occupant load
Fire division

Fire load

Fire severity, in hours
Occupant load

Refuge area

Smoke and heat stops
Smokeproof tower
Sprinklers

Standpipe

Venting

Width of exits, individual and total

Significant Relations, Functions and
Issues

Fire/cost relations: long term benefits of design to lower
risk and reduce insurance premiums.

Rating of building construction components and systems
for fire resistance.

Building height and floor area restrictions related to occu-
pancy and fire resistance of construction.

Means for fire extinguishing related to type (class) of fire.



160 Building Engineering and Systems Design

Exit requirements related to occupant load.
Fire control by use of stops, divisions and vents.

6.7. SECURITY

Means for prevention of theft and vandalism in
buildings after the owners occupy them should
be an integral part of the building system.

Provision should be made from the start of
design for control of access to buildings and to
specific areas, if desired by the owner. For
some buildings, tight security may be essential
for certain sections, such as rooms housing val-
uable materials or expensive equipment, like a
large computer.

For detection of intruders, television moni-
tors and intrusion alarms may be installed. For
control of access, doors may be equipped with
locks operated by keys or by devices that read
identification cards, hand prints or voice vibra-
tions. For protection of valuables, thick steel
safes may be provided.

For a small building, alarm systems may be
rigged to sound an alarm and to notify the police
the instant an intruder attempts to enter the
locked building or security area.

For a large building, guards are needed to
monitor the various devices or to patrol the
building. Therefore, a control center should be
provided for observation purposes. In addi-
tion, communications should be established be-
tween the center, various parts of the building
and police and fire departments. Also, a guard
room should be provided for guards not on
duty and for files and lockers.

With the use of electronic devices, security
systems can be installed to do the following:

1. Sound an alarm when an intruder attempts
to enter.

2. Identify the point of intrusion.

. Turn on lights.

4. Display the intruder on television and re-
cord observations on video tape.

5. Call police automatically.

6. Restrict entry to specific areas only to
properly identified personnel and at per-
mitted times.

7. Change locks automatically.

w

Costs for security can be cut if the systems-
design approach is used to combine security

measures with other controls. For example, the
control center and its equipment, including a
computer, if desired, can be used not only for
security but also for HVYAC controls and fire-
safety equipment. In addition, personnel, tele-
vision monitors and sensors as well as electric
wiring can share tasks related to security,
HVAC and fire detection, extinguishment and
communications.

6.8. BARRIER-FREE ENVIRONMENTS

Ordinary building safety concerns are based
primarily on an assumption that the building
occupants are able-bodied and in full posses-
sion of the faculties of a normal adult. It is as-
sumed that occupants can walk (use stairs), see
(read exit signs), hear (be alerted by fire
alarms), use their hands (open doors), and gen-
erally function adequately in panic situations
(not retarded, not very young, not marginally
senile, etc.). However, in almost all types of
building occupancies there will be some per-
sons who do not have all of these faculties in-
tact. In recent times, the building codes have
been made to recognize this situation, and most
buildings must now be designed with some rec-
ognition of the need for barrier-free environ-
ments. Barriers are anything that interfere with
use of the building—in particular, devices and
components involving entrances, exits, wam-
ing systems, rest rooms, and general vertical
and horizontal movement through the building.

Special efforts to create barrier-free environ-
ments must be made for buildings that have a
large number of occupants with special needs:
day care centers, convalescent hospitals, and
health care facilities, for example. However,
the same accommodations are also generally
required for any building that involves use by
the public or houses employees. These con-
cerns may be principally addressed to usage and
access but at some level may involve safety
when hazardous conditions are at issue.

It is virtually impossible to produce a physi-
cal environment that is optimally accommodat-
ing to a range of people that includes normal,
healthy adults, small children, enfeebled and
easily disoriented elderly persons, and persons
who are blind or wheelchair confined. In some
instances, what is best for one group is bad for



another. The elaborate facilities required to
provide access and egress for persons in wheel-
chairs may in effect represent confusing bar-
riers for blind, very young, or elderly persons.
Where occupancy is more specific, some level
of optimization may be feasible, but where the
public as a whole must be facilitated, consid-
erable compromise must be anticipated.

Building codes, design practices, and the de-
velopment of construction components—nota-
bly hardware, signage, elevator controls, pav-
ing and floor finishes—are steadily being
designed with a concern for a wider range of
occupant capabilities. Hard design data are
being developed from research and the experi-
ence deriving from experimentation and design
implementations.
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Words and Terms

Detection and alarm systems
Entrance control
Handicapped access

Selective reduction of barriers

Significant Relations, Functions, and
Issues

Access control related to degree of security required.

Need for entrance by controlled means.

Need for reduction of barriers and hazards for selected
groups of persons with diminished faculties.

6.9. TOXIC MATERIALS

There is a great range of materials used for
building construction. Some materials are used
essentially in raw, natural form as in the case
of wood used for structural purposes. In most
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cases, however, building products are pro-
duced from synthesized, processed, materials.
For example, wood is often used as an ingre-
dient in a synthesized material for paper, card-
board, and particleboard products. In some
cases wood is also processed by being impreg-
nated or coated with materials, thus involving
a composite material in its finished form.

General experience together with extensive
medical research has produced a long list of po-
tentially dangerous materials, posing the pos-
sibility of sickness, injury or death upon ex-
posure to them. Some cases are long-standing
as in the case of lead, which has virtually been
eliminated as an ingredient in paints. More re-
cent cases involve construction products con-
taining asbestos, formaldehyde, and chlorine.
Publicity from legal actions and the work of
advocacy groups has brought pressure on man-
ufacturers, builders, designers, and the admin-
istrators of building codes to respond by re-
stricting, eliminating, or otherwise controlling
the use of such materials.

Danger may be present merely in exposure to
some toxic materials on a continuing basis.
Thus, when many house paints were lead-
based, the chipping and flaking of the painted
surfaces over time led to an accumulation of
particles containing lead that sometimes were
picked up and ingested by the building occu-
pants. Another danger is that occurring during
a fire when products of combustion may in-
clude highly toxic materials—particularly, le-
thal gases. These have been the main cause of
death in most fires in recent times, the major
culprit being various plastic materials used for
furnishings, decorations, and building con-
struction products such as piping and insula-
tion.

Although danger to building occupants is a
major design concern, potential danger to con-
struction and maintenance workers also should
be investigated to determine the need for mod-
ification or elimination of hazardous building
products. One such product is asbestos, the
hazard of which was dramatized by massive law
suits brought by workers. Only as a secondary
effect did the public become alarmed about the
hazards represented by the dormant presence of
the material in many existing buildings.

As is usually the case, the original reason for
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use in construction of a particular material is
positive. For example, one factor that led to
widespread use of asbestos was its high resis-
tance to fire. Thus, an optimized design pro-
cess, with fire resistance as a major value,
could easily serve as justification for use of the
material. Add the other plus factors for use of
the inert mineral material (water-resistive, non-
rotting, etc.) and the result (as it actually de-
veloped) quickly produced quite popular,
widespread use of the material. Only much later
did the danger of lung infection from ingestion
of asbestos fibers become evident.

Both public awareness and industry caution
concerning liability are steadily growing in this
area. This will hopefully both rectify some of
the errors of the past and allow for some con-
fidence in the use of new products. However,
development of new materials and products and
the slow feedback of medical research results
call for considerable restraint in acceptance of
unproven items for building construction. This
is unavoidably inhibiting to creative, pioneer-
ing designers, but is an ethical issue of major
proportions.

6.10. CONSTRUCTION SAFETY

Pressures brought by trade unions and various
advocacy groups have greatly increased con-
cemns for the reduction of hazards during the
construction process. This form of pressure—
resulting in legal actions and the creation of
legislation and agencies for enforcement—falls
most heavily on manufacturers and contractors,
adding to the overhead expense for various
types of work. As this causes some shifts in the
relative cost of certain types of construction,
such influence bears on designers who make
basic choices of materials, products, and entire
systems.

Direct-cost factors involving required safety
measures are routinely reflected in unit prices
used for cost estimating. Less easy to deal with
are more subtle effects such as the general re-
luctance of workers or contractors to deal with
some forms of construction because of the
complexity or general annoyance of complying
with the actions or documentations required be-
cause of safety requirements. The latter can in

effect sometimes result in a form of boycott,
which may be quite regional or only short-
lived, but can have major influence in bidding
on particular forms of construction. This can be
a major factor in establishing what is defined
as ‘‘local practice’’.
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several topics covered in this chapter. Topic-
specific references relating to individual chap-
ter sections are listed at the end of each indi-
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Uniform Building Code, International Conference of
Building Officials, Whittier, CA, 1988 (new editions
every three years).

Standard Building Code, Southern Building Code Con-
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J. Lathrop, Life Safety Code Handbook, National Fire Pro-
tection Association, Quincy, MA, 1988.
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EXERCISES

The following questions and problems are pro-
vided for review of the individual sections and
the chapter as a whole.

Sections 6.1 and 6.2

1. Why should lateral loads on buildings be
treated as dynamic loads? Why might dy-
namic loads have severer effects on build-
ings than static lateral loads of the same
magnitude?

2. The walls of a building face north-south
and east-west. The maximum wind may
blow from any direction. Explain why the
building should be designed to withstand
full design wind pressures against the north



10.

11.

12.

and south walls and also separately against
the east and west walls.

Wind pressure on a building 32.8 ft (10 m)
above ground is 20 psf. What is the pres-
sure 240 ft above grade if the building is
located in the center of a large city?

. A factory building, 30 ft high, is 20 x 100

ft in plan. For wind pressure of 20 psf,
what is the lateral wind force on each wall?

. At what value should the mean recurrence

interval be taken for design of a permanent
ordinary building?

A symmetrical building 40 ft wide weighs
200 tons. Lateral forces may total 100 tons
and their resultant is 40 ft above grade. If
the building relies only on its weight for
stability, can it be considered safe against
overturning by the lateral forces. Justify
your answer.

. A 30 X 60-ft roof weighs 10 tons and re-

lies for stability on its own weight. If basic
wind pressure on the roof may average 40
psf and the pressure coefficient is —0.5, is
the roof stable? Justify your answer.
Wind velocity is measured at 50 mph at a
station 32.8 ft (10 m) above ground. The
station is located in rough, hilly terrain.
(1) What would the velocity have been
240 ft above ground?
(2) What would the basic velocity pres-
sure have been 240 ft above ground?
A building code requires that a 30-ft-high
building be designed for a minimum effec-
tive velocity pressure, including gust ef-
fects, of 10 psf. The building is 100 sq ft
in plan and has a flat roof. The building
code specifies an external pressure coeffi-
cient C, of 0.8 for windward walls and
—0.5 for leeward walls. For what mini-
mum lateral wind forces should the build-
ing be designed to prevent overturning and
sliding at the base?
Explain the importance of anchoring a roof
to its supports.
Why are seismic forces assumed to be pro-
portional to weight?
The probability of an earthquake of Mod-
ified Mercalli Scale intensity V at City A
is 0.01. What is the mean recurrence in-
terval of earthquakes of that intensity?
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13.

14.

15.

16.

A developer is considering two sites for a
high-rise apartment building in southern
California, a state where severe earth-
quakes have occurred in the past. One site
is the remains of an ancient river bed and
has deep layers of clay. The other site is
on high ground and has deep layers of sand
with some clay. Which site should be se-
lected? Why?

Why is ductility important in aseismic de-
sign?

Describe a shear wall and explain its pur-
pose.

Describe a rigid frame and explain its pur-
pose.

Sections 6.3 t0 6.6

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

217.

28.

29.

Why should standards for fire protection

specified by insurance companies be ap-

plied in design of a building for a private

or governmental owner?

Why is type of occupancy important in de-

termining fire-protection requirements for

a building?

Why is type of construction important in

determining fire-protection requirements

for a building?

Define fire load.

What is meant when a building component

is reported to have a 4-hr fire rating?

What is a fire wall?

How should a burning liquid be extin-

guished?

What are the basic components of a sprin-

kler system?

An office has a fire load of 10 psf. What

is the equivalent fire severity?

What means should be used to prevent fire

from spreading:

(a) Vertically from story to story?

(b) Horizontally throughout a complete
story?

What is the main advantage of automatic

sprinklers?

In multistory buildings, where are stand-

pipe risers usually placed?

What may be used to extinguish a fire

around an electric motor?
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30.

31.

32.

33.

34.

35.

36.
37.

38.
39.

40.
4].

What elements may be incorporated in a
building to reduce chances of panic if a fire
occurs?

A restaurant has a 2,400-sq ft dining area.

(a) From Table 6.4, determine the maxi-
mum number of persons permitted in
the dining room.

(b) From Table 6.5, determine the mini-
mum number and size of exits, if max-
imum door size is limited to 44 in.

How much floor area, as a minimum,
should be allotted to a refuge area for 100
persons?
Compare advantages and disadvantages of
fixed-temperature and rate-of-rise detec-
tors.
What types of fire detectors are useful for
detecting a smoldering fire?
A one-story factory contains 30,000 sq ft
of floor area. Materials and equipment
handled or installed may be classified as
low heat release. What is the minimum
vent area that should be provided in the
roof?

Where must firestops be used?

What are the advantages of a multipurpose

control center?

What is the objective of life-safety design

for emergencies demanding evacuation of

occupants from dangerous areas?

How do foams extinguish a fire?

What is the purpose of exits?

Name and describe briefly at least three fa-

cilities that building codes generally rec-

ognize as a reliable exit.

42.

43.

44.

45.

46.

Under what conditions can an escalator be

considered an exit?

A two-story industrial laboratory building

has 5,000 sq ft of floor area on each level.

It will have exit stairs at each end of the

building with 2-hr fire doors.

(1) On the second floor, how wide should
each door opening be?

(2) What is the minimum width permitted
for the corridors to the exits?

Why must structural members be fire pro-

tected?

How can a communication system be used

to prevent occupant panic?

What is the purpose of a refuge area?

Sections 6.7 t0 6.10

47.

48.

49.

50.

51.

Describe at least four tasks a security sys-
tem should perform to prevent theft and
vandalism.

With regard to establishment of barrier-free
environments, what is meant by the term
‘“‘barrier’’?

Why is it difficult to optimize barrier-free
facilities for all types of building users?
How does undue concentration on a single
favorable property of a material or product
sometimes result in major use of a toxic
material?

How may concemns for worker safety af-
fect designer’s choices for materials or
products?



Chapter 7

Building Sites and Foundations

The building site is subject to design manipu-
lation in a limited way. Site boundaries consti-
tute the most fixed set of conditions. In addi-
tion, the nature of adjacent properties and other
boundary conditions provide major constraints.
Surface contours and existing site landscaping
may be altered to some degree, but must con-
form to site drainage, erosion, zoning, and en-
vironmental impact considerations on a general
neighborhood or regional basis.

Site materials can be a resource for construc-
tion and must be dealt with as such. Surface
materials, however, may be unsuitable for the
site and may need to be replaced. The general
excavation and recontouring of the site should
be accomplished as much as possible without
requiring excess removal or importing of
ground materials. Excavation work and support
of the building will involve subsurface mate-
rials that present simple and uncomplicated or
challenging and expensive problems.

This chapter discusses the general problems
and design factors relating to specific building
sites and to the development of site and foun-
dation constructions.

7.1. SITE CONSIDERATIONS

Building designers frequently are confronted
with situations where the owner has already
purchased a site and they are required to design
a building for that site. In such cases, they will
adapt a building to the site, if it is practical to
do so, and will endeavor to keep construction

costs as low as possible under existing condi-
tions. Sometimes, however, it is necessary or
desirable to choose another site. In one case,
for example, soil investigations at a site indi-
cated that foundation construction would cost
several hundred thousand dollars more than if
good ground were available. The owner de-
cided to buy another site.

The decisions as to which site to purchase,
when to buy it, how much land to include, and
how much money to pay for it are strictly the
owner’s. It is to his advantage, though, to have
the advice of consultants, especially his design
consultants, in site selection. They, however,
usually will charge for this service, because site
evaluations or comparisons are not ordinarily
included in the basic services provided by ar-
chitects and engineers.

The best time for selecting a site occurs after
the design program has been established and a
good estimate has been made of the owner’s
space needs. Schematic studies then can indi-
cate how many buildings will be required, how
much land will be needed for each building,
how much space will be needed around each
building and characteristics desired of the site
and surrounding property. Estimates also can
be made of utilities needed. The data derived
from these studies are basic considerations in
selecting a site.

Land Costs

Final selection of a site, however, is likely to
be determined by other considerations than just
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the suitability of the lot for the building. Initial
cost of the lot, for example, may be a signifi-
cant factor.

It is important, though, that the consultants
call the owner’s attention to the fact that the
purchase price of a lot is not the only initial
cost. While there are broker fees, legal fees,
registration fees, title insurance premium and
other costs that the owner may be aware of,
there are likely to be other considerably larger
costs that he may not expect, unless advised of
them by his consultants. These costs arise from
zoning or subdivision regulations, provision of
access to the building, obtaining of utilities, site
preparation, foundation construction and other
conditions, depending on the type of building.
Such costs vary from site to site. In comparing
prices of proposed building sites, therefore, the
owner should be advised to add or subtract cost
differentials to account for these costs.

Site Selection

Table 7.1 provides a partial check list as a guide
in site selection. The check list is partial in the
sense that the factors included should always
be investigated, but, in addition, other factors
affecting a specific project also should be in-
vestigated.

For example, for an industrial or commercial
project, availability of a labor supply and hous-
ing for executives and labor should be deter-
mined and taken into account. For a residential
development, the distances to schools, shop-
ping, medical facilities and religious institu-
tions may be critical factors. For a shopping
center, the number of potential customers and
the range of incomes are crucial.

Inclusion of an item in the check list is not
an implication that its presence or absence at a
site is favorable or unfavorable to a decision to
purchase the site. Each factor must be evalu-
ated with respect to the specific project being
considered.

Physical Features

Various physical characteristics of the site may
exert influence on the design of buildings for
the site. If site space is restricted, it may be

Table 7.1. Check List for Site Selection
Considerations

Internal Site Characteristics
Area and shape of lot—need for parking, storage areas,
future expansion
Topology—slopes, surface water, trees, drainage, rock
outcroppings
Geological conditions—surface soils, subsoils, water
table, risk of landslide, flood, earthquake

Location
Owner preference for region, urban, suburban, or rural
area
Distance from population centers and facilities for
education, recreation, medical service

Transportation
Accessibility of site—easements and rights of way needed
Highways, airports, railroads, waterways, surface
transportation

Costs and Legal Concerns
Initial price, fees, taxes, insurance, permits
Clear title, easements, rights of way granted to others
Building codes, zoning, subdivision ordinances
Site work, access roads, services, utilities

Utilities and Services Required
Water, sewer, electricity, gas, telephone
Mail service and fire and police protection

Environmental Impact on Proposed Project

Business and political climate, local labor-management
relations, local employment conditions, available labor

Character of neighborhood, attitude of nearby residents

Proposed development or highway construction in area

Congestion, noise, trends of neighborhood, proximity to
airports

Views from site, appearance of approaches to site

Climate, prevailing winds, fog, smog, dust storms, odors

Environmental Impact of Project
Congestion, pollution, noise, parking, housing, schools
Services required—utilities, police, fire, transportation
Taxes and assessments
Economic, educational, sociological, cultural

necessary to have a high-rise building, instead
of a less costly low-rise building. If the site
boundaries are not rectangular, it may be nec-
essary to mold the building plan to the site
shape, which is likely to add complexity and
some compromising to the general planning of
the building. For tight sites it is often necessary
to provide some parking in lower levels of the
building, the planning for which adds con-
straints to the layout of vertical structural ele-
ments in the upper levels of the building.



Slope of the terrain also is an important con-
sideration. Moderately sloping or rolling ter-
rain is preferable to flat or steep land. Flat land
is difficult to drain of rainwater. For steep
slopes (surfaces rising or falling more than 10
ft vertically in 100 ft horizontally), improve-
ment costs rise rapidly. Heavy grading to flat-
ten slopes not only adds to land costs but also
creates the risk of later uneven building settle-
ment or land erosion. In addition, fast runoff
of rainwater from slopes, as well as collection
of water in marshes, swamps or wet pockets,
must be prevented, and this type of work is
costly.

Rock at a convenient distance below the
ground surface often is advantageous for foun-
dations of buildings, but rock outcroppings that
interfere with building or road construction may
have to be removed with explosives, at consid-
erable expense.

The difference in foundation construction
costs for good land and bad land may be suf-
ficient for rejection of an otherwise suitable
site. One of the earliest steps in site evaluation,
therefore, should be an investigation of subsur-
face conditions at the site.

Transportation

For most types of buildings, easy access to a
main thoroughfare is a prime requisite. For
commuting of employees from home to work,
receipt of supplies, and dispatch of output,
building operations usually depend heavily on
transportation by automobile. Note, however,
that it is easy access to a major highway, not
its nearness, that is important. A building
fronting on a limited-access highway, for ex-
ample, may not be able to discharge traffic to
it without inconvenient, lengthy detours. Sim-
ilarly, a building near a major interchange may
be undesirable, because of congested traffic,
difficulty of access and egress, confusion
caused by the interchange layout, and noise and
vibration from the traffic.

For some industrial plants, the type of prod-
uct to be shipped may be such that shipment by
railroad is economically necessary. In such
cases, not only must the site selected be located
along a railroad, but also an agreement should
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be reached with the railroad for provision of
freight service at acceptable rates and intervals
of time. For companies oriented to air trans-
portation, a location near an airport may be a
prime requirement.

Zoning

Zoning or subdivision regulations often may
determine how a site under consideration may
be used, the types of buildings that may be con-
structed, the types of occupancies that may be
permitted and the nature of the construction (see
Sec. 3.6). In some cases, the type of building
contemplated for the site may be prohibited, or
land costs may be too high relative to the ex-
pected return on investment when the parcel of
land is subdivided as required by law. Simi-
larly, limits on building height or floor area
may make a contemplated building uneconom-
ical. Sometimes, however, with the help of le-
gal counsel, the owner may be able to obtain a
variance from zoning requirements that will
permit the proposed building.

Building codes are not likely to have such
drastic effects on a proposed project. They
may, however, be a factor in site comparisons
when the sites lie in different jurisdictions, in-
asmuch as building-code requirements are
likely to be different in different communities.
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Significant Relations, Functions and
Issues

Site selection criteria.

Building-to-site relations: elevation, site plan, grading, ac-
cess, neighborhood, environment.

Site recontouring: drainage, topology, construction, site
boundaries.

Zoning, rights-of-way,
nances.

Feasibility of site and foundations, regarding site topol-
ogy, access for equipment, subsurface conditions, water.

easements, subdivision ordi-
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7.2. SITE SURVEYS

When a site is being considered for purchase,
a site survey is conducted to provide informa-
tion needed for making a decision regarding
that purchase. The information provided should
be that necessary for evaluation and compari-
son of alternative sites and in determination of
the suitability of a specific lot for the building
and its uses. After a site has been selected and
purchased, the purposes of site surveys are to
provide information needed for planning the use
of the land in detail, locating the building and
other facilities on the lot, installing utilities and
constructing foundations. In either case, the in-
formation is given diagrammatically and, to a
limited extent, by notes on two or more maps.
Additional information is provided in written
reports on surface and subsurface conditions
and their significance in design and construc-
tion of the proposed building.

One type of map is used primarily to indicate
the location of the site with respect to popula-
tion centers or other points of interest to the
building owner. Another type of map, the sur-
vey plan described in Sec. 2.23, shows prop-
erty lines, topography and utility locations. The
plot plan described in Sec. 2.23 shows the pro-
posed location and orientation of the building
to be constructed, site grading to be done,
parking areas to be provided, driveways and
other installations planned. The plot plan is de-
veloped from the survey plan.

Site Location Map

This map is useful, in the early stages of site-
selection studies as well as after purchase of a
lot, in showing where the new building would
be located relative to existing facilities. The
map may be drawn to a very small scale, com-
patible with provision of the following infor-
mation:

1. location of site relative to nearby popula-
tion centers

. jurisdictional boundaries

. major highways and streets

. principal approaches to the site

. transportation lines
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employment centers

7. shopping centers, schools, religious insti-
tutions, recreational facilities

8. appropriate zoning regulations, such as

those governing land use, for example,

nearby parcels restricted only to residen-

tial, or only to industrial construction

Survey Plan

This map delineates the boundaries of the lot.
The map need not be drawn to a large scale
unless considerable detail must be shown. For
large parcels, a scale of 1 in. = 100 ft may be
adequate. The map should show the following:

1. Lengths, bearings (directions), curve data
and angles at intersections of all boundary
lines

2. Locations and dimensions of streets along
the boundaries and of streets, easements
and rights of way within the parcel, with
deed or dedication references

3. Location of intersection lines of adjoining
tracts and any encroachment on bound-
aries of the lot

4. Names of owners of adjoining property or
reference to recorded subdivision of that
property

5. Position and description of physical
boundary markers and of official bench
marks, triangulation stations and survey-
ing monuments within or near the prop-
erty

6. Area of the site and each parcel compris-
ing it

7. Topography of the site—contours, lakes,
marshes, rock outcroppings, etc.

8. True and magnetic meridian (north arrow)
on the date of survey

9. Utility installations adjoining or passing
through the site

Topographic Map

A separate topographic map should be prepared
when considerable detail must be shown for a
site or when a lot has steep slopes. Topo-
graphic maps show the nature of the terrain and
locate natural features, such as lakes, streams,



rock outcroppings, boulders and important
trees, as well as structures and other man-made
items existing on the site. The scale should not
be smaller than 1 in. = 100 ft.

Slopes are indicated on such maps by contour
lines. Each line represents a specific level
above a base elevation, or datum, as explained
in Sec. 2.23. The steeper the slope of the ter-
rain, the closer will be the contour lines. For
relatively flat land (slopes up to about 3%; that
is, 3 ft vertically in 100 ft horizontally), con-
tours may be drawn for height intervals of 1 ft.
For slopes up to about 15%, the contour inter-
val may be 2 ft, and for steeper slopes, 5 ft.

The location of test pits or borings for soil
investigations of the site may be added to the
topographic map.

Utilities Map

A separate map showing type, location and
sizes, if appropriate, of utilities adjacent to or
within the site should be prepared if the amount
of data to be given would make a single map
with combined information confusing or diffi-
cult to read.

The utilities map should be drawn to a scale
not smaller than 1 in. = 100 ft. In addition to
location, it should provide the following infor-
mation:

1. Sizes and invert elevations of existing
sewers, open drainage channels, catch-
basins and manholes

2. Sizes of water, gas and steam pipes and
underground electrical conduit

3. Widths of railroad tracks and rights of way

4. Police and fire-alarm call boxes and sim-
ilar devices

5. Dimensions of utility easements or rights
of way

Surveying Methods

Site surveys are not included in the basic ser-
vices provided by architects and engineers. The
owner, or the architect or engineer on his be-
half, should engage a licensed surveyor to make
land surveys and draw the maps. Geotechnical
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consultants should be engaged for subsurface
investigations and reports.

Property-line lengths and directions and set-
ting of boundary markers require land surveys
of relatively high accuracy. These surveys are
usually made with a transit or a theodolite and
tape. Topographic and utility surveys may be
made with a transit or a plane table and a stadia
rod. Also, such surveys may be made with
electronic instruments, such as a tellurometer,
which uses microwaves to determine distances;
an electrotape, which uses radio-frequency sig-
nals; or a geodimeter, which employs light. For
large parcels, aerial surveys offer economy and
speed in obtaining topographic information. By
photogrammetric methods, contours and natu-
ral and artificial features can be plotted on an
aerial photograph of the site.
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Words and Terms

Site Location Map
Survey Plan
Topographic Map
Utilities Map

Significant Relations, Functions and
Issues

Site development, regarding: existing topology, location
of streets and utilities, control of water runoff.

Building positioning on site, regarding: grading, utility
connections, excavation for construction.

7.3. SOIL CONSIDERATIONS FOR
SITE AND FOUNDATION DESIGN

Surface and near-surface ground materials are
generally composed of combinations of the fol-
lowing:

1. Rock, solid or fractured
2. Soil, in naturally formed deposits
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3. Fill materials of recent origin

4. Organic materials in partially decom-
posed form

5. Liquids, mostly water

A number of considerations must be taken
into account in design of the building founda-
tions and the general site development. With
respect to site ground conditions, some typical
concerns are the following:

1. The relative ease of excavation

2. Site water conditions: ease of and pos-
sible effects of any required site dewa-
tering for construction

3. Feasibility of using excavated site ma-
terials for fill and site finish grading

4. Ability of the soil to stand on a relatively
vertical cut in an excavation

5. Effects of construction activities—nota-
bly the movement of workers and equip-
ment—on surface soils

6. Reliability and structural capacity of
near-surface materials for foundation
support

7. Long-time effects of site changes: pav-
ing, irrigating, recontouring

8. Necessary provisions for frost protec-
tion, soil shrinkage, subsidence, consol-
idation, expansion, erosion

9. Need for dampproofing and/or water-

proofing of subgrade construction of oc-

cupied spaces

Ease of installation of buried services:

water, gas, sewer, utilities, phones

Special provisions for existing features:

large trees, buildings (abandoned or re-

maining), existing underground services

or easements for same

10.

11.

Ground conditions at the site constitute a
given condition which must be dealt with in
some feasible manner. If building and site de-
sign requirements do not mesh well with given
conditions, a lot of adjustment and compensa-
tion must be made. Investigations of the site
conditions must be made to inventory the ex-
isting ground materials, with special attention
to properties critical to building and site design
concerns. The following material in this sec-

tion deals with a discussion of various ground
materials, their significant properties, how they
behave with respect to effects of building and
site construction, and the problems of estab-
lishing criteria for design.

Soil Properties and Identification

Of the various ground materials previously de-
scribed, we are concerned primarily with soil
and rock. Fill materials of recent geological-
formation origin and those with a high per-
centage of organic materials are generally not
useful for site construction or foundation sup-
port, although they may have potential for
backfill or finish grading to support plantings.
A precise distinction between soil and rock is
somewhat difficult, as some soils are quite hard
when dry and cemented, while some rock for-
mations are highly weathered and decomposed
or have extensive fractures. At the extreme, the
distinction is simple and clear: for example,
loose sand versus solid granite. A precise def-
inition for engineering purposes must be made
on the basis of various responses of the mate-
rials to handling and to investigative tests.
Some of these are described in other portions
of this chapter, relating to specific materials,
property definitions, and excavation and con-
struction problems.

Soil is generally defined as material consist-
ing of discrete particles that are relatively easy
to separate by moderate pulverizing action or
by saturation with water. A specific soil mass
is visualized as consisting of three parts: solid,
liquid and air. By either volume or weight,
these are represented as shown in Fig. 7-1. The
nonsolid portion of the volume is called the void
and is typically filled partly with liquid (usually

Void

Water
Total
Volume

or /j;/ /
Weight S
o /// Solids
,'/////
/ Vs
Fig. 7.1. Three-part composition of typical soil

mass.



water) and partly with air, unless the soil is sat-
urated or is baked totally dry.

Soil weight (density) is determined by the
weights of the solid and liquid portions. The
weight of the solids may be determined by
weighing an oven-dried sample. The weight of
the water present before drying is given by the
difference in weight between that sample and
the weight of the sample before drying. The
specific gravity of primary soil materials (sand,
silt, clay, rock) vary over a short range—from
about 2.60 to 2.75—so that the volume of the
solids is easily predicted from the weight; or,
if the volume is known, the weight is easily
predicted.

Various significant engineering properties of
soils are defined in terms of the proportions of
materials as represented in Fig. 7.1. Major ones
are the following:

1. Void ratio (e). This generally expresses
the relative porosity or density of the soil
mass, and is defined as follows:

_ volume of the voids

volume of the solids

2. Porosity (n). This is the actual percentage

of the void, defined as

w = volume of the voids (100)
total soil volume

This generally defines the rate at which
water will flow into or out of soils with
coarse grains (sand and gravel), although
water flow is measured by tests and ex-
pressed as relative permeability, which is
also affected by actual particle size and
gradation of particle sizes.

3. Water content (w). This is one means of
expressing the amount of water, defined
as
w (in percent)

_ weight of water in the sample

=— — (100)
weight of solids in the sample
4. Saturation (S). This expresses the amount
of water as a ratio, similar to the void ra-
tio, thus:
volume of water

volume of voids
Oversaturation, with S greater than one,
is possible in some soils, when some of
the soil particles are made to float.
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Particle size is a major factor in soil classi-
fication, as the major types of soils are essen-
tially defined on this basis. Figure 7.2 indicates
the general form of the graph that is used for
classifications on the basis of particle size. Size
is displayed horizontally on the graph, using a
log scale, and indicating the usual boundaries
for common soil types. Distinctions become
less clear for very fine materials, so that other
factors must be used to clearly distinguish be-
tween sand and silt and between silt and clay.
Soil deposits typically consist of mixtures of a
range of particles, and the vertical scale in the
graph in Fig. 7.2 indicates the percentage of
the soil volume that is represented by various
particle sizes. The curved lines on the graph
indicate typical displays of size analyses for soil
samples; the forms of the curves represent dif-
ferent soil types, as follows:

1. Well-graded soil. This is indicated by a
smooth curve, spanning a considerable
range of size.

2. Uniform soil. This is indicated by a curve
that is mostly vertical in a short range of
size.

3. Gap-graded soil. This curve is signifi-
cantly flexed, indicating a significant lack
of middle-sized soil particles.

Particle size alone, together with grading eval-
uations, will provide indications of major en-
gineering properties.

Particle sizes of coarser materials are deter-
mined by passing the loose soil materials
through increasingly finer sieves, as indicated
at the top of the graph in Fig. 7.2. For fine-
grained materials, size is measured by the rate
of settlement of particles in an agitated soil-
water mixture.

Particle shape is also significant, being
mostly bulky in rounded or angular form, al-
though flaky and needlelike shapes are also
possible. Soil mobility, compaction, and settle-
ment may be affected by shape—this often
being critical with specific types of soils.

A major distinction is made between cohe-
sive and and cohesionless soils. Sand and gravel
generally represent cohesionless soil materials,
while clay is cohesive. Soils, though, usually
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7.2. Grain size measurement and plot for soil particles. Standard-size sieves are used to determine grada-
tion of size by percent. Both size and gradation are critical to soil properties.

are mixtures of various materials, taking on a
general character on the basis of the types of
soil materials as well as their relative amounts
in the overall soil volume. A quite small per-
centage of clay, for example, can give consid-
erable cohesive character to predominantly
sandy soils.

At the extreme, cohesive and cohesionless
soils are quite different in many regards, the
properties of critical concern being quite dif-
ferent. For consideration of structural capacity,
we may compare sand and clay as follows:

Sand. Has little compression resistance with-
out some confinement; principle stress mech-
anism is shear resistance; important data are
penetration resistance (measured as number
of blows (N) for advancing a soil sampler),
density (measured as weight), grain shape,
predominant grain size and nature of size gra-
dation; some loss of strength when saturated.

Clay. Principal stress resistance in tension;
confinement is of concern only when clay is
wet (oozes); important are the unconfined
compressive strength (g,), liquid limit (w,),
plastic index (/,) and relative consistency
(soft to hard).

On the basis of various observed and tested
properties, soils are typically classified by var-
ious systems. The systems used are based on
user concerns—major ones being those used by
the highway construction interests and by ag-
riculturists. For engineering purposes, the prin-
cipal system used is the Unified System (ASTM
Designation D-2487), abbreviated in Fig. 7.3.
This system defines fifteen soil types, each rep-
resented by a two-letter symbol, and estab-
lishes the specific properties that identify each
type. Most building codes use this as the basic
reference for establishing foundation soil re-
quirements. Codes often provide tables of lim-
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Fig. 7.3. Unified Soil Classification System. Used generally for basic identification of soil type. Various
criteria (not shown here) based on tests are used to establish classification. (After ASTM D2487-85.)

iting values for foundation design (called pre-
sumptive values) based on some amount of pre-
scribed soil identification. Table 7.2 is re-
printed from the Uniform Building Code and
indicates the Unified System as the basic clas-
sification reference.

The following are some of the most common
ground materials. These are commonly named
for our purpose here, although some have quite
specific engineering definitions in the various
classification systems.

Loam, or topsoil, is a mixture of humus, or
organic material, and sand, silt or clay. It gen-

erally is not suitable for supporting founda-
tions.

Bedrock is sound, hard rock lying in the po-
sition where it was formed and underlain by no
other material but rock. Usually, bedrock is ca-
pable of withstanding very high pressures from
foundations and therefore is very desirable for
supporting buildings. When bedrock is found
near the ground surface, excavation of overly-
ing soil to expose the rock and set footings on
it often is the most economical alternative.
When bedrock is deep down and overlain by
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Table 7.2. Allowable Foundation and Lateral Pressure?

LATERAL LATERAL SLIDING!
BEARING
LB/SQ.IFT.|
ALLOWABLE FT. OF DEPTH
FOUNDATION BELOW
I’RESSUREé NATURAL COEF- RESISTANCE
CLASS OF MATERIALS2 LBISQ. FT. GRADE* FICIENTS LBISQ. FT.®
1. Massive Crystalline Bedrock 4000 1200 .70
2. Sedimentary and Foliated
Rock 2000 400 .35
3. Sandy Gravel and/or Gravel
(GW and GP) 2000 200 .35
4. Sand, Silty Sand, Clayey
Sand, Silty Gravel and
Clayey Gravel (SW, SP, SM,
SC, GM and GC) 1500 150 .25
5. Clay, Sandy Clay, Silty Clay
and Clayey Silt (CL, ML,
MH and CH) 10007 100 130

'Lateral bearing and lateral sliding resistance may be combined.

2For soil classifications OL, OH and PT (i.e., organic clays and peat), a foundation
investigation shall be required.

3All values of allowable foundation pressure are for footings having a minimum width of 12
inches and a minimum depth of 12 inches into natural grade. Except as in Footnote 7
below, increase of 20 percent allowed for each additional foot of width and/or depth to a
maximum value of three times the designated value.

“May be increased the amount of the designated value for each additional foot of depth to a
maximum of 15 times the designated value. Isolated poles for uses such as flagpoles or
signs and poles used to support buildings which are not adversely affected by a !/2-inch
motion at ground surface due to short-term lateral loads may be designed using lateral
bearing values equal to two times the tabulated values.

5Coefficient to be multiplied by the dead load.

¢Lateral sliding resistance value to be multiplied by the contact area. In no case shall the

lateral sliding resistance exceed one half the dead load.

"No increase for width is allowed.

“Source: Reproduced from the Uniform Building Code, 1988 edition, with permission
of the publishers, International Conference of Building Officials.

weak soils, however, it may be more econom-
ical to drive supports, such as piles, from the
ground surface through the weak soil to the rock
to carry a building. Care should be taken in soil
investigations not to mistake weathered rock or
boulders for bedrock.

Weathered rock is the name applied to ma-
terials at some stage in the deterioration of bed-
rock into soil. This type of rock cannot be
trusted to carry heavy loads.

Boulders are rock fragments over about 10
in. in maximum dimension. They too cannot be
trusted to carry heavy loads, because, when
embedded in weak soils, they may tip over
when loaded.

Gravel consists of rock fragments between 2
mm and 6 in. in size. When composed of hard,
sound rock, it makes a good foundation mate-
rial.

Sand consists of rock particles between 0.05
and 2 mm in size. The smallest particles may
be classified as fine sand, the largest as coarse
sand, and the intermediate sizes as medium
sand. Dense sands usually make a good foun-
dation material. Fine sands may be converted
by water into quicksand, which may flow out
from under even a very lightly loaded founda-
tion.

Silt and clay consist of particles so small that
individual particles cannot readily be distin-
guished with the unaided eye. In one classifi-



cation system, silt comprises particles larger
than those in clay. In another classification sys-
tem, silt is defined as a fine-grained, inorganic
soil that cannot be made plastic by adjustment
of water content and that exhibits little or no
strength when air-dried. Clay is defined as a
fine-grained, inorganic soil that can be made
plastic by adjustment of water content and ex-
hibits considerable strength when air-dried.
Thus, clay loses its plasticity when dried and
its strength when wetted. It may make a satis-
factory foundation material under certain con-
ditions. Silt is not a desirable foundation ma-
terial, because when it gets wet its strength
cannot be relied on.

Sand and gravel are considered cohesionless
materials, because their particles do not adhere
to each other. They derive their strength from
internal friction. In contrast, silt and clay are
considered cohesive materials, because their
particles tend to adhere when the water content
is low.

Hardpan consists of cemented material con-
taining rock fragments. Some hardpans consist
of mixtures of sand, gravel and clay or silt.
Glacial hardpans may be composed of parti-
cles, ranging in size from clay to boulders, that
were at least partly cemented together by high
pressures from glaciers. Some hardpans, de-
pending on the degree of consolidation, make
very good foundation material.

Till is a glacial deposit of mixtures of clay,
silt, sand, gravel and boulders. If highly com-
pressed in the natural state, till may serve as a
good foundation material. Loose tills vary in
character and may cause uneven settlement of
buildings supported on them.

Muck, or mud, is a sticky mixture of soil
and water. Because of its lack of stability, muck
seldom can be used as a foundation material or
as a fill to build up ground to a desired level.

Foundation Design Criteria

Investigation of site conditions is aimed partly
at establishing data for the building foundation
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design and planning of the site work and foun-
dation construction. Information and recom-
mendations must be obtained that address the
following concerns.

Allowable Bearing Pressure. This is the
limiting value for the vertical pressure under
shallow bearing foundation elements. It will be
affected by the type of soil materials encoun-
tered, by seasonal fluctuations of the ground
water level, by any deep frost conditions, by
the depth of the footing below the ground sur-
face (called surcharge), by the sensitivity of the
type of building construction to settlements,
and—in special situations—by numerous other
possible data and circumstances. In simple sit-
uations, for modest sized buildings where con-
siderable previous construction has been in
place for some time, design values may be pri-
marily based on recommended presumptive
values; often stipulated by local building codes.
For large projects, or where unusual conditions
exist, it is common to seek recommendations
from experienced geotechnical engineers, sup-
plied with considerable investigative data.

Settlement. Downward movement of foun-
dations, as the building is progressively stacked
upon them, is an unavoidable eventuality, ex-
cept for foundations bearing directly on mas-
sive bedrock. The precise magnitude of move-
ments of complex constructions on multilayered
soil masses is quite difficult to predict. In most
cases, movements will be small, and the pri-
mary concern may be for a uniformity of the
settlement, rather than a precise prediction of
the magnitude. Again, for modest structures,
bearing on firm soils with relatively low im-
posed vertical pressure, settlement is seldom a
major concern. However, if any of the follow-
ing situations occur, settlements should be very
carefully studied:

1. When soils of a highly unstable or com-
pressible nature are encountered

2. When vertical pressures are considerable
and bearing footings are used—especially
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when any of the following situations 3 and
4 exist

3. When the construction is sensitive to
movements (notably to differential settle-
ments of separate foundation elements),
as are concrete rigid frames, tall towers
and masonry or plastered walls

4. When nonuniform settlements may cause
serious misalignment of sensitive equip-
ment, or even of tall elevators, large
doors, or other building elements requir-
ing careful fit or joining

In some instances, the design vertical pressure
may be reduced to limit the magnitude of set-
tlements.

Water Effects. Water—is typically present
in all soils, except for those in very dry, desert
conditions. At building sites, the effects of pre-
cipitation plus irrigation for plantings will often
keep a notable magnitude of moisture in soils
near the ground surface. A special concern is
that for the free-water level (sometimes called
the water table) in the ground, below which rel-
atively porous soils will be essentially satu-
rated. This level normally fluctuates over time
as precipitation amounts vary—especially in
areas where long periods occur with no precip-
itation. Repeated changes in the moisture con-
tent of soils, from saturated to near dry, can be
the source of various problems—most notably
in fine-grained soils subject to erosion, flota-
tion or high magnitude of volume change due
to shrinkage and expansion. A high free-water
level can also be a problem during construction
where considerable deep excavation is re-
quired. Regrading of the site, covering of ma-
jor portions of the site surface with buildings
and paving and provision of extensive irriga-
tion are all effects constituting major adjust-
ments of the previous natural site environment
and may result in major changes in some soil
materials near the ground surface.

Horizontal Force Effects. Horizontally di-
rected force effects are usually of one of the
following origins.

1. Horizontal stresses from vertical forces.
When a large vertical force is imposed on
soil the resulting stresses in the soil are
three-dimensional in nature. The soil mass
tends to bulge out horizontally. This ef-
fect can be a major one in some situa-
tions—most notably in soils with a high
clay content. Adjacent foundations may
experience horizontal movements or
nearby excavations may be pushed out-
ward.

2. Active lateral pressure. This is the hori-
zontal force effect exerted by a soil mass
against some’ vertical retaining structure,
such as a basement wall. This is generally
visualized by considering the soil to be-
have like a fluid, exerting pressure in pro-
portion to the distance below the top of
the fluid mass (ground level). If the
ground slopes upward behind the retain-
ing structure (as with a hillside retaining
wall), or some additional load (such as a
heavy vehicle) imposes additional vertical
load on the ground surface, this pressure
will be further increased. Water condi-
tions and the type of soil will also cause
variations in both the magnitude and na-
ture of distribution of this type of pres-
sure.

3. Passive lateral pressure. This represents
the resistance developed by a soil mass
against the horizontal movement of some
object through the soil. This is the basic
means by which the actual horizontal
forces caused by wind and seismic action
are transferred to the ground—by soil-
mass pressures against the basement walls
or sides of foundation elements. As with
active pressures, this effect varies in its
potential magnitude with depth below the
ground surface, although some limiting
total magnitude exists.

Frictional Resistance. When combined with
vertical forces, horizontal stresses will also be
resisted by friction on the soil in the case of
bearing type foundations (friction on the bot-
tom of footings resisting lateral sliding). For
coarse-grained soils (sand and gravel) the po-
tential friction resistance varies with the verti-



cal force and is generally independent of the
contact area. For clays, the resistance will vary
with the cohesion per unit of contact area, with
the vertical force being considered only in terms
of a certain minimum amount to develop the
friction effect.

Both passive lateral bearing and frictional
sliding resistances as well as presumptive ver-
tical bearing pressures are often stipulated in
building codes (see Table 7.2).

Stability. The likelihood for a soil mass to
remain in its present structural state depends on
its relative stability. Significant lack of stability
may result in erosion, subsidence, lateral
movement, viscous flow or liquefaction. All of
these actions can have disastrous effects on
supported structures and their potential occur-
rence is a major concern in soil investigation.
During excavation work as well as in final site
grading, a major concern is that for the stability
of slopes, as discussed in Sec. 7.8. Principal
destabilizing effects are those due to fluctua-
tions in water content, unbalancing of the equi-
librium of pressures caused by deep excava-
tions or heavy surface loads and dynamic
shocks such as those caused by earthquakes.
Loose sands, highly plastic soft clays and ce-
mented soils with high voids are examples of
potentially unstable soils. Modification of some
soils may be necessary and various techniques
are employed, as described in Sec. 7.7.

Excavation and Construction Con-
cerns. Performance of necessary excavation
and site grading and the general advancement
of site and building construction work must be
planned with consideration of various factors
relating to soil conditions. Need for bracing and
possibly dewatering of large excavations is a
major task; this is discussed in Sec. 7.9. Sur-
face materials that can be used for backfill,
pavement subgrades or for finish grading as
topsoil should be stockpiled for future use be-
fore they are lost during the excavation and
construction processes. In some cases, exis-
tence of large boulders, tree roots, old wells,
cesspools, underground tanks or buried con-
struction for utility tunnels and vaults may
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present major tasks during excavation as well
as possibly requiring some reconsideration in
siting of buildings and design of foundation
elements. For urban sites, these matters may be
of heightened concern because they may re-
quire protection of adjacent buildings, streets,
buried utilities, and other structures.

Pile Foundations. These are discussed in
general in Sec. 7.5. A critical factor is the de-
termination at an early stage of design of the
need for deep foundations and the type to be
used. For piles, critical early decisions must be
made as to the likely required length, the use
of friction versus end-bearing piles and any
special problems that might be encountered in
advancing the piles. Heavy equipment must be
used for pile driving and the movement of the
equipment to and on the site may be a problem
in some cases. Pile driving is also disturbing to
the neighbors and may present problems in this
regard.

Pier (Caisson) Foundations. These are also
discussed in general in Sec. 7.5. They repre-
sent a need for a very deep foundation, two pri-
mary concerns being for the effects of water
and the potential collapse of the sides of the
excavation. The excavation must be success-
fully advanced and then filled up with con-
crete; in some cases requiring the lining of the
walls of the dug shaft and a dewatering pro-
cess. The term ‘‘caisson’’ derives from a tech-
nique used primarily for bridge piers, in which
an airtight chamber is sunk by digging out from
under it; then is filled with concrete once in
place. The deep foundation that is not driven
as a pile is more generally described as a pier.
In some cases, it may be advanced a great dis-
tance below grade, and its design (and devel-
opment of the construction planning) may re-
quire quite deep soil explorations. Piers—like
end-bearing piles—often have their safe load
capacities verified by actual load tests; how-
ever, as the size of the pier increases, this be-
comes less feasible. If load tests are not per-
formed, the necessity for reliable and complete
soil information becomes essential.
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Words and Terms

Clay

Cohesionless

Cohesive

Density

Fill

Grain size

Gravel

Penetration Resistance
Permeability

Porosity

Presumptive bearing pressure
Rock

Sand

Settlement: allowable, differential
Silt

Surcharge

Unified System of soil classification
Void

Significant Relations, Functions, and
Issues

Excavation: extent, ease, dewatering for, bracing for.

Effects of construction activity on the site and excavated
soils for bearing.

Site development in general related to building foundation
design.

Soil identification and evaluation for use.

Establishment of design criteria for site and foundation
systems.

Settlement: computation of, control, effects on building.

7.4. SHALLOW BEARING
FOUNDATIONS

In situations where reasonably stable, bearing-
resistive soils occur near the ground surface,
the commonly employed foundation system is
that using shallow bearing footings. The most
common forms of such footings are the simple
strip footing used beneath bearing walls and the
rectangular pad under individual columns.
There are, however, various other forms of

footings for different elements of building con-
struction or special situations. Some of the most
common types of footings are shown in Fig.
7.4.

The principal function of bearing foundations
is mainly transfer of vertical force through con-
tact pressure on the bottom of the footings. A
primary design decision is selection of the
maximum permitted bearing pressure, which is
important in determining the area of contact
(plan size of the footing). This area may be cal-
culated from

A (7.1)

q
in which A is the required footing area, P the
total load including the weight of the footing
and q is the unit of allowable soil pressure. De-
sign of the footing may proceed as for a rein-
forced concrete flexural member: a single-di-
rection cantilever for a wall footing and a two-
way cantilever for a column footing.

For small to medium-size projects, construc-
tion of footings is often quite crude, involving
a minimum of forming—especially in soils
where a vertical cut for the footing sides can be
made for a shallow excavation. In such cases,
construction consists essentially of casting con-
crete in a hole in the ground. Economy is gen-
erally obtained by using a relatively low grade
of concrete, a bare minimum of reinforcing,
and a minimum of forming—often only that re-
quired to obtain a reasonably true top surface
for the beginning of the construction of the sup-
ported object. From a construction detailing
point of view, this latter function is of primary
concern: the providing of a platform for the
building construction. Concerns in this regard
are for the accurate location of the top of the
footing, the centering of the footing beneath the
supported object and the accurate installation
of any anchorage devices, such as anchor bolts
or dowels for reinforcement.

Wall and column footings are used so repet-
itively in common situations that their designs
are mostly achieved by using tabulated data,
such as those in the CRSI Handbook (see Ref-
erences at end of this Section). Complete struc-
tural design is usually limited to special foot-



Column

Spread //

Footing

Columns

%

Strap
Footings

(c)

Columns

Continuous
Footing

(e)

Building Sites and Foundations 179

Columns

Combined
Footing

(b)

Wall

Continuous
Footing

(d)

Columns

Mat Footing
(f)

Fig. 7.4. Shallow bearing foundations (also called spread footings). (a) Single footings for column. (b) Com-
bined footings for closely-spaced columns. (c) Cantilever, or strapped, footing, used at building edge on
tight sites. (d) Continuuous strip footing for wall. (e) Continuous footing for a row of columns. (f) Large
single footing for number of columns or a whole building, called a mat or raft.

ings, such as combined column footings or
rectangular footings for individual columns.

A major concern for shallow bearing footings
is the anticipated vertical movement caused by
the loads on the footing, called settlement.
Some amount of settlement must be expected
if the footing bears on anything other than solid
rock, and solid rock is not often available. The
magnitude of settlement is frequently the prin-
cipal factor in determining the limiting soil
pressure for a footing. Settlements can quite
often be predicted with acceptable accuracy on
the basis of the soil materials, the thickness of
individual strata (layers) of different soil ma-
terials, the magnitude of the vertical loads and
bearing area of the footings. The prediction,
however, should preferably be made by a qual-

ified, experienced, geotechnical engineer, as it
requires expert interpretation of investigative
data and collation of many factors.

Settlement mechanisms develop differently in
various types of soils and in response to various
actions. The initial settlement caused by the
weight of building and contents, however, may
be most significant, especially in loose sands
and sand-gravel mixtures. In soft wet clays, on
the other hand, settlement may occur over time
as the clay mass readjusts to the changes in
pressure—oozing in three dimensions in the di-
rections of less restraint. The potential critical
nature of settlements is largely predictable from
investigative data, if the data are properly ob-
tained and carefully analyzed.

How serious settlement effects are depends
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not only on the magnitude of the settlements
but also on characteristics of the construction.
Tilting of tower structures, cracking of plaster
or masonry, and misalignment of elevators or
other sensitive equipment are examples of the

|
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effects of movements of the building supports.
Especially critical is the effect of differential
movements of supports of stiff, rigid-frame
structures. Differential settlements are, in fact,
of more frequent concern than the magnitude
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as the compression force.
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that due to the compression force.
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developing tensile stress.
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Fig. 7.5. Combined stress produced by compression plus bending. (a) Development of stress. (b) Kern
limits for common sections; indicates limit for eccentric load without tension stress or uplift.



of the vertical movements. If all of the footings
for a building settle the same amount, there will
be essentially no damage to the construction. If
the uniform settlement is small, or if adequate
provision can be made to compensate for it
(such as simply building the footings a bit
high), the magnitude of the settlement may be
inconsequential.

In some situations differential settlements are
partly controlled by designing specifically to
control them. This involves an analysis of the
nature of settlements in terms of both the soil
mechanisms and the loads that cause them. For
settlements that occur mostly at the time of
loading, footing sizes may be proportioned on
the basis of the loads, with some emphasis on
the dead loads which are more predictable. For
long-time settlements of considerable magni-
tude, it is sometimes necessary to place adjust-
able elements between the footings and the
supported construction, with adjustments made
periodically as settlements are monitored.

In addition to their resistance to vertical
loads, bearing footings are often required to de-
velop resistance to the effects of lateral, uplift,
or overturning actions. The problems of hori-
zontal soil pressures and general resistance to
uplift are discussed in Sec. 7.6. Footings sub-
jected to combinations of vertical compression
and overturning moment, such as the supports
for freestanding walls, towers, and isolated
shear walls, must resolve the combined effects
of compression and bending as shown in Fig.
7.5. As it is not feasible to develop tension re-
sistance at the contact face between the footing
and the soil, the total resistive effort must be
achieved with compression stress. Eccentric
loadings may result in development of a partly
loaded contact face, or cracked section, when
the magnitude of bending stress exceeds that of
the direct compression. This stress distribution
is not very desirable for a footing because of
the implications of rotational settlement. Thus,
the usual conservative design limit is the con-
dition for which maximum tensile bending
stresses and direct compressive stresses are
equal. Visualizing the combined actions as
equivalent to those produced by a mislocation
(eccentricity) of the compression force, it is
possible to derive the maximum eccentricity for
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the limiting stress condition. This is the basis
for establishing the kern limit for an area; the
form of such a limit for simple areas is shown
in Fig. 7.5.
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Words and Terms

Shallow bearing foundations

Footings: wall, column, cantilever, rectangular, com-
bined, mat

Lateral pressure

Soil friction

Kern limit

Geotechnical engineer

Significant Relations, Functions and
Issues

Vertical bearing: magnitude of, dispersion in soil mass,
settlement from.
Lateral, uplift and overturning moments on footings.

7.5. DEEP FOUNDATIONS

In many situations the ground mass immedi-
ately below the bottom of the building is not
suitable for use of direct bearing of footings.
For tall buildings this may simply be due to the
magnitude of the loads. In most cases, how-
ever, there is some problem with the soil itself
or with some potential destabilizing effect, such
as washout erosion in waterfront locations. For
such situations it becomes necessary to go
deeper into the ground for the transfer of the
bearing loads. (See Fig. 7.6.)

If the distance to good bearing material is rel-
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— Pedestals and foundation walls used to lower
footings to better soil

Friction piles driven to develop bearing in a
lower soil mass

End-bearing piles driven to seat in some lower,
highly-resistive soil or in rock

Concrete-filled, excavated shaft with belled
bottom, bearing on lower soil

PHitt

(d)

Concrete-filled, excavated shaft, extended
(socketed) into rock

Fig. 7.6. Types of deep foundations.

atively short, it may be possible to simply ex- ture (Fig. 7.6a). In some situations, there are
cavate into that soil, construct the usual bearing  other motivations for the use of such transi-
footings, then build short columns (called piers  tional elements, such as cases where supported
or pedestals) up to the bottom of the superstruc-  elements (wood or steel columns, for example)



must be kept out of contact with soil. If short
pedestals are used, the additional cost may be
minor, consisting mostly only of the additional
excavation and the construction of the pedes-
tals.

When it becomes necessary to lower the
bearing transfer a considerable distance (say 15
ft or more), the usual solution consists of the
use of either piles or piers. This decision is not
lightly made, as the cost of such foundation
systems is usually much more than that of sim-
ple footings. Use of piles or piers consists es-
sentially of erecting the building on stilts, the
stilts being used to transfer the vertical bearing
to some point significantly distant from the bot-
tom of the building. The distinction between
piles and piers has to do with the means for
placing them in the ground: piles are dynami-
cally inserted (much like pounding a nail into
a board) while piers are essentially concrete
columns, the concrete being cast in excavated
shafts.

Because of the means of their installation, the
precision of the location of piles is difficult to
control. It is thus typical to use groups of piles
for support of loads that require precise loca-
tion, such as single building columns. Piers, on
the other hand, are mostly used singly, except
where a very large single platform must be sup-
ported. Building loads may be placed directly
on top of piers, while a transitional concrete
cap (not unlike a thick footing) is required be-
tween a group of piles and a column base.

Piles may consist of timber poles (stripped
tree trunks), rolled steel sections (H-shaped),
thick-walled or fluted-walled steel pipe, or pre-
cast concrete. These elements are driven to one
of two forms of resistance development: simple
skin friction (Fig. 7.6b) or end point bearing
(Fig. 7.6c¢). For friction piles, the load capacity
is ordinarily established by the difficulty of
driving it the last few feet. With the aid of a
calibrated driving device, the number of blows
required to advance a pile the last foot or so
can be converted to an extrapolated static force
resistance. Building codes usually have empir-
ical formulas that can be used for this, although
more complex analyses may be possible using
additional factors and a computer-aided inves-
tigation.
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When piles are closely clustered in a group,
the group capacity determines the load that may
be supported. It may be calculated by treating
the pile cluster as a large single block, equiv-
alent to a bearing footing with a plan size of
that of the pile group.

End bearing piles driven into rock present a
much different situation. This type of founda-
tion is generally feasible only with steel piles
and capacities must usually be determined by
load tests. The load tests are more for the pur-
pose of determining the proper seating of the
piles in the rock; the actual load capacity is
usually that for the steel pile acting as a col-
umn.

Piles are installed by specialty contractors,
often using patented equipment or special pile
systems. As the necessary heavy equipment is
difficult to move over great distances, the type
of pile foundation used is often restricted by the
local availability of individual contracting or-
ganizations. Since a particular type of pile or
pile-driving technique is usually best suited to
particular soil conditions, local marketing of
services will typically favor particular systems.
The following discussion deals with some typ-
ical types of piles and driving methods and
some general considerations for their use.

Pile Types

Timber Piles. Timber piles consist of
straight tree trunks, similar to those used for
utility poles, that are driven with the small end
down, primarily as friction piles. Their length
is limited to that obtainable from the species of
tree available. In most areas where timber is
plentiful, lengths up to 50 or 60 ft are obtain-
able, whereas piles up to 80 or 90 ft may be
obtained in some areas. The maximum driving
force, and consequently the usable load, is lim-
ited by the problems of shattering either the
leading point or the driven end. It is generally
not possible to drive timber piles through very
hard soil strata or through soil containing large
rocks. Usable design working loads are typi-
cally limited to 50 to 60 k (1 k = 1 kip = 1,000
1b).

Decay of the wood is a major problem, es-
pecially where the tops of piles are above the
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groundwater line. Treatment with creosote will
prolong the pile life but is only a delaying mea-
sure, not one of permanent protection. One
technique is to drive the wood piles below the
waterline and then build concrete piers on top
of them up to the desired support level for the
building.

For driving through difficult soils, or to end
bearing, wood piles are sometimes fitted with
steel points. This reduces the problem of dam-
age at the leading point, but does not increase
resistance to shattering at the driven end.

Because of their relative flexibility, long tim-
ber piles may be relatively easily diverted dur-
ing driving, with the pile ending up in some-
thing other than a straight, vertical position.
The smaller the pile group, the more this effect
can produce an unstable structural condition.
Where this is considered to be a strong possi-
bility, piles are sometimes deliberately driven
at an angle, with the outer piles in a group
splayed out for increased lateral stability of the
group. While not often utilized in buildings,
this splaying out, called battering, of the outer
piles is done routinely for foundations for iso-
lated towers and bridge piers in order to de-
velop resistance to lateral forces.

Timber piles are somewhat limited in their
ability to accommodate to variations in driven
length. In some situations the finished length
of piles can only be approximated, as the actual
driving resistance encountered establishes the
required length for an individual pile. Thus the
specific length of the pile to be driven may be
either too long or too short. If too long, the
timber pile can easily be cut off. However, if
it is too short, it is not so easy to splice on
additional length. Typically, the lengths cho-
sen for the piles are quite conservatively long,
with considerablc cutting off tolerated in order
to avoid the need for splicing.

Cast-in-Place ConcretePiles. Variousmeth-
ods are used for installing concrete piles for
which the shaft of the pile is cast in place in
the ground. Most of these systems utilize ma-
terials or equipment produced by a particular
manufacturer, who in some cases is also the
installation contractor. The systems are as fol-
lows:

1. Armco system. In this system a thin-walled
steel cylinder is driven by inserting a
heavy steel driving core, called a man-
drel, inside the cylinder. The cylinder is
then dragged into the ground as the man-
drel is driven. Once in place, the mandrel
is removed for reuse and the hollow cyl-
inder is filled with concrete.

2. Raymond Step-Taper pile. This is similar
to the Armco system in that a heavy core
is used to insert a thin-walled cylinder into
the ground. In this case the cylinder is
made of spirally corrugated sheet steel and
has a tapered vertical profile, both of
which tend to increase the skin friction.

3. Union Metal Monotube pile. With this
system the hollow cylinder is fluted lon-
gitudinally to increase its stiffness, per-
mitting it to be driven without the man-
drel. The fluting also increases the surface
area, which tends to add to the friction re-
sistance for supporting loads.

4. Franki pile with permanent steel shell.
The Franki pile is created by depositing a
mass of concrete into a shallow hole and
then driving this concrete ‘‘plug’’ into the
ground. Where a permanent liner is de-
sired for the pile shaft, a spirally corru-
gated steel shell is engaged to the concrete
plug and is dragged down with the driven
plug. When the plug has arrived at the de-
sired depth, the steel shell is then filled
with concrete.

5. Franki pile without permanent shell. In
this case the plug is driven without the
permanent shell. If conditions require it,
a smooth shell is used and is withdrawn
as the concrete is deposited. The concrete
fill is additionally rammed into the hole
as it is deposited, which assures a tight fit
for better friction between the concrete
and the soil.

Both length and load range is limited for these
systems, based on the size of elements, the
strength of materials, and the driving tech-
niques. The load range generally extends from
timber piles at the lower end up to as much as
400 kips for some systems.



Precast Concrete Piles. Some of the largest
and highest-load-capacity piles have been built
of precast concrete. In larger sizes these are
usually made hollow cylinders, to reduce both
the amount of material used and the weight for
handling. These are more generally used for
bridges and waterfront construction. A prob-
lem with these piles is establishing their precise
in-place length. They are usually difficult to cut
off as well as to splice. One solution is to pro-
duce them in modular lengths with a typical
splice joint, which permits some degree of ad-
justment. The final finished top is then pro-
duced as a cast-in-place concrete cap.

In smaller sizes these piles are competitive in
load capacity with those of cast-in-place con-
crete and steel. For deep water installations
huge piles several hundred feet in length have
been produced. These are floated into place and
then dropped into position with their own dead
weight ramming them home. Precast concrete
piles often are prestressed with high-strength
steel bars or wires to limit tensile stresses dur-
ing driving.

Steel Piles. Steel pipes and H-sections are
widely used for piles, especially where great
length or load capacity is required or where
driving is difficult and requires excessive driv-
ing force. Although the piles themselves are
quite expensive, their ability to achieve great
length, their higher load capacity, and the rel-
ative ease of cutting or splicing them may be
sufficient advantages to offset their price. As
with timber piles of great length, their relative
flexibility presents the problems of assuring ex-
act straightness during driving.

Pile Caps. When a group of piles support a
column or pier, load transfer is accomplished
through a pile cap. The piles are driven close
together to keep cap size to a minimum. The
exact spacing allowable is related to the pile
size and the driving technique. Ordinary spac-
ings are 2 ft 6 in. for small timber piles and 3
ft for most other piles of the size range ordi-
narily used in building foundations.

Pile caps function much like column foot-
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Fig. 7.7. Caps used for groups of three, four and
five piles.
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ings, and will generally be of a size close to
that of a column footing for the same total load
with a relatively high soil pressure. Pile layouts
typically follow classical patterns, based on the
number of piles in the group. Typical layouts
are shown in Fig. 7.7. Special layouts, of
course, may be used for groups carrying bear-
ing walls, shear walls, elevator towers, com-
bined foundations for closely spaced columns,
and other special situations.

Although the three-pile group is ordinarily
preferred as the minimum for a column, the use
of lateral bracing between groups may offer a
degree of additional stability permitting the
possibility of using a two-pile group, or even a
single pile, for lightly loaded columns. This
may extend the feasibility of using piles for a
given situation, especially where column loads
are less than that developed by even a single
pile, which is not uncommon for single-story
buildings of light construction and a low roof
live load. Lateral bracing may be provided by
foundation walls or grade beams or by the ad-
dition of ties between pile caps.

Drilled-in Piers

When loads are relatively light, the most com-
mon form of pier is the drilled-in pier consist-
ing of a vertical round shaft and a bell-shaped
bottom, as shown in Fig. 7.6d. When soil con-
ditions permit, the pier shaft is excavated with
a large auger-type drill similar to that used for
large post holes and water wells. When the
shaft has reached the desired bearing soil strata,
the auger is withdrawn and an expansion ele-
ment is inserted to form the bell. The decision
to use such a foundation, the determination of
the necessary sizes and details for the piers, and
the development of any necessary inspection or
testing during the construction should all be
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done by persons with experience in this type of
construction.

This type of foundation is usually feasible
only when a reasonably strong soil can be
reached with a minimum-length pier. The pier
shaft is usually designed as an unreinforced
concrete column, although the upper part of the
shaft is often provided with some reinforce-
ment. This is done to give the upper part of the
pier some additional resistance to bending
caused by lateral forces or column loads that
are slightly eccentric from the pier centroid.

The usual limit for the bell diameter is three
times the shaft diameter. With this as an upper
limit, actual bell diameters are sometimes de-
termined at the time of drilling on the basis of
field tests performed on the soil actually en-
countered at the bottom of the shaft.

Where subgrade rock is within a practical
depth, the bell may be eliminated. Reinforced
with a structural shape, such as an H-beam,
socketed in the rock (Fig. 7.6e), a drilled in
pier can support very large loads.

One of the advantages of drilled piers is that
they may usually be installed with a higher de-
gree of control on the final position of the pier
tops than is possible with driven piles. It thus
becomes more feasible to consider the use of a
single pier for the support of a column load.
For the support of walls, shear walls, elevator
pits, or groups of closely spaced columns,
however, it may be necessary to use clusters or
rows of piers.
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Words and Terms

Pile: friction, end-bearing, (see next Section 7.6), cap for
Pier: caisson, belled, drilled.
Kips

Significant Relations, Functions and
Issues

Need for deep foundation.

Selection of foundation type and construction method.
Provisions for lateral and uplift forces.

Determination of vertical load capacity.

Required testing, before, during, and after installation.

7.6. LATERAL AND UPLIFT FORCES
ON STRUCTURES

While resistance to vertical force is the primary
function of foundations, there are many situa-
tions in which horizontal and uplift loads de-
velop. The following are some types of struc-
tures and situations involving such actions.

Basement Walls

Basement walls are vertical load-bearing walls,
but they must also resist inward soil pressures
on their outside surfaces. The horizontal soil
pressure is usually assumed to vary in magni-
tude with the distance below grade, as shown
in Fig. 7.8, with the soil acting in the manner
of a fluid. For investigation the equivalent fluid
soil is assumed to have a unit density of ap-
proximately one third of its actual weight. It is
also common to assume some surcharge effect,
due to either an overburden of soil above the
surface, a sloping ground surface, or a wheel
load from some vehicle near the building. The
typical horizontal pressure loading for a base-
ment wall is therefore that represented by the
trapezoidal distribution shown in Fig. 7.8b. In
addition to these functions, basement walls may
also serve as beams when they must support
columns directly or must span between isolated
footings or pile caps. Finally, they must serve
as exterior walls for any subgrade occupied
spaces, and must prohibit water penetration and
limit thermal transmission.

Freestanding Walls

These are walls supported only by their foun-
dation bases. They may occur inside buildings
as partition walls, but occur more often as ex-
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Fig. 7.8. Horizontal soil pressure on basement wall
(a) without surcharge. (b) with surcharge.

terior walls or fences. The foundations must
support the weight of the wall, but must also
develop resistance to the horizontal forces of
wind or earthquakes. The combination of ver-
tical and lateral forces results in pressures on
the bottom of the foundation that vary as illus-
trated in Fig. 7.5. The lateral loads will be re-
sisted by a combination of passive soil pressure
on the side of the footing and pressure on the
buried portion of the wall, plus sliding friction
on the bottom of the footing. The action of the
active and resistive forces is shown in Fig. 7.9.

Shear Walls

Shear walls (Sec. 8.16) often occur as portions
of exterior walls, with their support provided
by either a continuous basement wall or a grade
beam (a beam at ground level). In such cases,
horizontal forces on the wall will produce shear
and bending in the supports as shown in Fig.
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Fig. 7.9. Total effect of gravity and lateral forces
on a freestanding wall. W, = weight of wall, W, =
weight of footing, W3 and W, = weight of soil, S =
passive soil pressure, F = friction.

7.10a. If the shear wall is an interior wall, it
may be built as a freestanding wall, with the
combination of active and resistive forces
shown in Fig. 7.10b. The single interior shear
wall is seldom actually free, however, and may
resolve horizontal forces through elements of
the floor or basement construction, as shown in
Fig. 7.10c.

Retaining Walls

Changes in ground elevations that occur grad-
ually can be achieved by simply sloping the
soil. When abrupt changes must be made, how-
ever, some type of soil-retaining structure is re-
quired; the type used depending largely on the
height difference to be achieved. Small changes
of a foot or so can be accomplished with a sim-
ple curb, but for greater heights, a cantilevered
retaining wall often is used. For heights from
a few feet up to 10 ft or so, a common form is
that shown in Fig. 7.11a. The wall may be built
of masonry or solid concrete or core-grouted,
concrete block. For very tall walls it is com-
mon to use some form of bracing, as shown in
Fig. 7.11b.

Low walls may be designed for the equiva-
lent fluid pressure described for basement
walls, although a more rigorous investigation
relating to specific properties of the retained
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Fig. 7.10. Actions of shear wall foundations. (a)
Wall on continous foundation. (b) Freestanding wall.
(c) Wall restrained by the building construction.

soil is usually made for high walls. When the
ground surface slopes significantly (at more
than 1:5 or so) there is some added pressure
which is usually accounted for by using a sur-
charge effect, as shown in Fig. 7.8. A major
objective for retaining walls is to prevent col-
lection of water in the retained soil behind the
wall, usually achieved by installing through-
the-wall drains and a coarse-grained, porous fill
behind the wall.

(a)

(b)

Fig. 7.11. Forms of retaining walls. (a) Low wall,
cantilevered from footing. (b) Tall wall with counter-
fort braces.

Abutments

It is occasionally necessary to provide a form
of foundation for a permanent combination of
vertical and horizontal forces, such as at the
base of an arch. This structure is called an abut-
ment, and the simplest form is that shown in
Fig. 7.12a. Whereas footings that are subject
to lateral loads from wind or earthquakes may
be designed for the uneven soil pressures shown
in Fig. 7.5, such pressures, when the lateral
load is permanent, will result in some tilting of
the foundation. It is therefore desirable to have
the line of action of the resultant load pass
through the centroid of the footing bearing area,
as shown in Fig. 7.12b. When the horizontal
force is large, or the resultant load on the abut-
ment is at a very low angle, or the load appli-
cation occurs a considerable distance above the
footing, it may be necessary to use an off-cen-
ter footing or one with a non-rectangular bear-
ing area, to get the footing centroid in the
proper location. The structure in Fig. 7.12c¢ in-
dicates the use of a T-shaped footing for this
purpose, and also shows the use of an inter-
mediate grade beam to reduce the bending in
the footing. For structures such as arches or ga-
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Fig. 7.12. Forms of abutments for arches. (a) Simple abutment with rectangular footing. (b) Force resolu-
tions to obtain uniform soil pressure for (a). (c) Abutment with T-shaped footing. (d) Abutment for a tied
arch; develops only vertical resistance with a horizontal tie at the hinge at the base of the arch.

bled frames, it may be possible to provide a
cross-tie that resists the horizontal force with-
out involving the footing, as is shown in Fig.
7.12d; in which case the footing is simply de-
signed for the vertical load.

Lateral Loads on Deep Foundations

Piles and piers offer very limited resistance to
lateral forces at their tops. For buildings, the
usual solution is to use ties and struts in the

foundation construction to transfer the horizon-
tal forces to basement walls or grade beams.
Where this is not possible, it may be necessary
to use battered piles (driven at an angle),
drilled-in tiebacks, or other means to establish
significant lateral resistance. A special struc-
ture sometimes used in waterfront or hillside
conditions is that shown in Fig. 7-13c, in which
piles or piers are developed to provide a rigid
frame action with a horizontal concrete frame
system; called a downhill frame. Additional
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.

Fig. 7.13. Action of a downhill frame, functioning
as a fixed-base rigid frame.

stiffness of such a structure is obtained if short
drilled-in piers can be inserted a sufficient dis-
tance into solid rock to provide fixity at their
lower ends. If piles or piers must develop lat-
eral resistance without any of these measures,
they must usually do so in the manner of pole
structures, described as follows.

Pole Structures

Where good timber poles are plentiful, they
may be used for a building foundation. The
poles may be driven-in piles—mostly in water-
front locations—but may instead be partly bur-
ied in excavated holes. In one form of con-
struction—called pole platform construction—
the poles extend up to provide a platform on
which the building is erected. The other basic
system—called pole frame construction—uses
the poles as building columns, with floors and
roofs framed by attachment to the extended
poles. For lateral forces, the buried poles func-
tion in one of the two ways shown in Fig. 7.14.
In Fig. 7.14a the pole is restrained at ground
level—for example, by a concrete floor slab.
This results in a rotation about ground level and
development of the lateral soil pressure indi-
cated. If no restraint exists, the poles behave as
shown in Fig. 7.14b, and their resistance is de-
termined by empirical formulas. (See the Uni-
form Building Code or specific references on
pole construction.)
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(a)

(b)

Fig. 7.14. Lateral resistance of buried poles. (a) with
ground-level restraint. (b) with soil resistance only.

Uplift Forces

Resistance to uplift forces may be achieved in
various ways. The magnitude of the force is a
major consideration, resulting in modest re-
sponse for a simple tent stake and monumental
construction for the end anchorage of suspen-
sion bridge cables. The resisting force may be
developed by engaging sufficient soil mass or
by creating a constructed dead weight. Con-
crete foundations themselves tend to be suffi-
cient to anchor miost light structures. Large
piers may be used for the value of their own
dead weight, with some more resistance of-
fered if they have belled bottoms, as shown in
Fig. 7.6d. Major problems occur mostly with
very tall structures, or single-footed structures,
such as signposts or light towers, or tall shear
walls for which the overturning moment ex-
ceeds the gravity restoring moment.

Relatively long piles will develop significant
resistance to pullout, which may be used for
tension resistance. For these, the reliable de-
sign load capacity must usually be determined
by load tests.For concrete piles or piers, ten-
sion development will require considerable
vertical reinforcement, representing a major in-
crease in cost.
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Words and Terms

Abutment

Active soil pressure
Battered pile

Downhill frame
Overturning moment
Passive soil pressure
Pole frame construction
Soil friction

Surcharge

Drilled-in tieback

Significant Relations, Functions and
Issues

Active pressure on retaining structures: affected by height,
soil type, water, surcharge.

Development of resistance to horizontal movement in soils:
affects of soil type, depth below grade.

Selection of type of retaining structure related to height of
retained soil.

7.7. SITE DEVELOPMENT
CONSIDERATIONS

General development of the building site may
be a simple matter or a major part of the proj-
ect. Extensive site construction or need for ma-
jor corrective efforts on difficult sites may make
the site work a considerable design and con-
struction planning undertaking on its own. As
site design and construction is not the major
topic of this book, we will consider only a few
of the typical situations that relate to the build-
ing planning and the design of foundations.

Finish Grading— Cut and Fill

Most sites require some degree of finish *‘trim-
ming’’ to accommodate the building and de-
velop necessary walkways, drives, landscap-
ing, and so on. Economy and ease of the
construction is generally served best if there is
a minimum requirement to either take away or
bring to the site significant amounts of soil ma-
terials. This translates to a desire to balance the
cuts (below existing grade) with the fills (above
grade) where possible. In this regard the exca-
vation for the building foundations usually rep-
resents a major cut, unless the finish level of
the grade is to be raised a significant amount.
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The ability to do any cross-trading of soil ma-
terials on the site will of course depend on the
nature of the existing materials. Existing sur-
face soils may not make good backfill and ex-
cavated materials may not be good for land-
scaping work.

Removal of Objectionable Materials

Site materials not useable as backfill, paving
subgrades, or planting fill may have to be re-
moved—and, if necessary, replaced with im-
ported materials. This can only be determined
after considerable information about the site is
obtained and the site and building designs are
carried to a relatively complete stage of design.
Removal and replacement of soil are an ex-
pense to be avoided if possible and may affect
the siting of the building and general plans for
site development. It is also possible that site
materials objectionable for one project may be
useful for another, making trading of materials
possible. Some form of soil modification may
also be possible, as described in the following.

Soil Modification

The work of excavating and grading is a form
of modification of a sort; materials may be ba-
sically unchanged, but soil structures are al-
tered. In the process of moving the soils, some
new materials may be introduced, resulting in
some new character for the soil. Modifications
may also be made of unexcavated soils. Some
possibilities for this are as follows:

1. Consolidation by vibration or overburden
(stacking soil on the site) or by flooding
to dissolve the bonds in highly voided, ce-
mented soils.

2. Surface compaction for better pavement
bases.

3. Infiltration of fine materials, such as ce-
ment or bentonite clay, to reduce voids
and lower the permeability of fine, loose
sands.

Modifications may have the basic purpose to
improve the soil conditions, or may be done to
cause certain unstable effects to occur in ad-
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vance of construction. Flooding to cause col-
lapse in cemented void soils may be done to
prevent large settlement after construction,
when extensive irrigation for plantings may
cause the ground to sink. This is a common
occurrence in arid climates where irrigation is
used around buildings.

Surface Drainage

Control of surface water runoff is a major con-
cern in developing the finished site contours
and site construction. This also needs to be co-
ordinated with the building roof drainage and
measures undertaken to prevent water buildup
behind retaining walls and on the outsides of
basement walls. Care must be taken not to cre-
ate channels of water flowing onto neighboring
properties, unless they existed as established
streams before site development in which case
damming or otherwise obstructing them may be
objectionable.

Site Construction

Construction of pavements, retaining walls,
ditches, planting structures, pools and other site
structures may be essentially separate from or
simply an extension of the building construc-
tion. Although overall integrity of the construc-
tion is to be desired, less conservativism may
be exercised in the ancillary design work unless
safety may be adversely affected. Exterior ex-
posure conditions for this work make detailing
of the construction quite responsive to local cli-
mate conditions. Concrete admixtures or types
of special cements, depth of footings below
grade, and control joints in pavements are some
of the variables in this regard. Local codes may
provide some guidance, but this is more a mat-
ter of evolved local practices.

Utilities

Electric power, telephone lines, gas, water, and
sewer services may all be delivered under-
ground. The presence of existing main distri-
bution or collection lines—especially gravity-
flow sewers—may offer important constraints
to site planning or to the general siting of the

building. Consideration in planning should also
be given to the following: Underground tunnels
or vaults may require vents or manholes for ac-
cess which must be allowed for in the site plan-
ning. Penetration of service lines into the
building must be accommodated by the build-
ing foundations and basement walls. General
access for modification, maintenance or repair
should also be considered.

Landscaping

Except for very tight urban locations, most
building sites will have some form of landscap-
ing with some amount of plantings. The fol-
lowing should be investigated with regard to
possible effects on the building:

1. Adequate provision for plant growth.
Plantings may occur over underground
structures. Hence, adequate depth for
plant growth and space for the necessary
waterproofing are needed. Siting and ver-
tical positioning of building spaces must
make adequate provisions for planting re-
quirements.

2. Provision for effects of irrigation. Fre-
quent watering may saturate the soil and
cause uneven settlement of retaining
walls, basement walls or buried utilities,
or may cause sinking of cemented void
soils.

3. Roots of trees and shrubs. These may in-
trude into basements or utility tunnels, or
may get beneath some light foundations
and push them up or sideways.

Provision for these, or for other potential ad-
verse conditions, may well offer opportunities
for systems integration during the design
stages.
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Words and Terms

Site grading
Soil Modification



Significant Relations, Functions, and
Issues

Balancing of cut and fill in grading.

Effects of construction activity on surface and subsurface
soils.

Modifications to improve soil properties.

Intrusion of buried utilities in site development.

Provisions for and effects of landscaping and irrigation.

7.8 COFFERDAMS AND FOUNDATION
WALLS

Depending on the type of soil, shallow base-
ments or cellars may be excavated and foun-
dation walls and footings constructed in stiff
soils with no lining of the earth perimeter or,
in weak soils, with braced wood sheeting to
prevent collapse of the earth sidewalls. Deep
cellars and high foundation walls require that
excavation be carried out within an enclosure
to keep out water and to prevent earth side-
walls from collapsing. A cofferdam generally
is used for the purpose.

A cofferdam is a temporary wall used for
protecting an excavation. One of its most im-
portant functions usually is to permit work to
be carried out on a dry, or nearly dry, site.

There are many different types of coffer-
dams, including simple earth dikes, cells filled
with earth, braced single walls and double walls
with earth between the walls. For excavations
for buildings, braced single-wall cofferdams are
generally used. Such walls though must be
carefully constructed, especially if there are
streets or other buildings nearby. Small inward
movement of such cofferdams may cause cave-
ins and damage to nearby construction.

Such movements and consequent damage can
be prevented only by adequate bracing of the
cofferdams. Not only must the bracing be
strong enough to sustain imposed loads, such
as earth and hydrostatic pressures and the
weight of traffic outside the excavation, but it
must also be seated on practically immovable
footings, anchors or walls.

Single-Wall Cofferdams

Cofferdams for building excavations may be
constructed in any of many different ways.
Some of these are illustrated in Fig. 7.15.
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Figure 7.15a shows a type of single-wall cof-
ferdam that is often used when dry conditions
are expected during excavation. Structural steel
piles, called soldier piles, are driven vertically
into the ground, usually at intervals of 5 to 10
ft, around the perimeter of the planned exca-
vation. Meanwhile, excavation proceeds in the
central portion of the enclosure toward the
depth required for the cellar and interior wall
and column footings. As the soldier piles are
placed with their bottoms embedded below the
required depth of excavation, excavation starts
between the piles. To support the earth side-
walls as work proceeds, wood boards, called
lagging, are set horizontally between the sol-
dier piles. Small gaps are left between the lag-
ging to permit water to drain through and pre-
vent buildup of hydrostatic pressures against the
cofferdams. At intervals, as depth of the ex-
cavation increases, horizontal braces, called
wales, are attached to the soldier piles. Also,
the wales are braced with rigid struts to an op-
posite cofferdam wall or with diagonal struts,
called rakers, extending to rigid supports in the
ground.

When wet conditions may occur during ex-
cavation, the single-wall cofferdam may pref-
erably be constructed with sheetpiles (see Fig.
7.15b to f). Sheetpiles are thin structural steel
shapes fabricated to interlock with each other
along their edges when they are driven into the
ground. They are driven in the same way as
other piles. In cross section, sheetpiles may be
straight, channel (C) shaped, or zees. Special
sections are fabricated for special purposes, for
example, for forming cofferdam corners. The
sheetpiles, which form a continuous wall, may
be braced, as excavation proceeds, in the same
way as cofferdams with soldier piles and lag-
ging; for example, with wales and rakers, as in
Fig. 7.15b, or with cross-lot bracing, as in Fig.
7.15¢e and f.

These types of bracing, however, have the
disadvantage that they tend to interfere with
construction operations within the cofferdam.
To avoid this disadvantage, means have been
developed for placing bracing, other than
wales, outside the cofferdam. For shallow ex-
cavations, for example, the top of the coffer-
dam may be tied back to a concrete anchor, or
dead man, buried in the soil outside the enclo-
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Fig. 7.15. Single-wall cofferdams. (a) Lagging between soldier piles, braced with wales and rakes. (b)
Sheet pile with braces. (c) Sheet piles with tieback to deadman. (d) Wall with drilled-in tiebacks. (e) Cross-
braced walls in narrow excavation (trench). (f) Walls with two-way cross-lot bracing.

sure (see Fig. 7.15¢). For deep excavations, for
which bracing is required at several vertical in-
tervals, wales at those levels may be restrained
by tensioned, high-strength steel bars or wire
strands anchored in rock (see Fig. 7.15d). For
the purpose, holes are drilled on a diagonal
through the soil outside the cofferdam until rock
is penetrated. Next, a pipe is placed in each
hole to maintain the opening. A steel bar or
several wire strands are inserted in the pipe,
and one end is anchored with grout in the rock
socket while the opposite end is fastened to hy-
draulic jacks set on a wale. The jacks apply a
high tension to the bar or strands, which then
are anchored to the wale. The resulting forces
restrain the cofferdam against inward move-
ment under earth and hydrostatic pressures.

A cofferdam also may be constructed with
precast-concrete panels or by forming contin-
uous walls by casting in place concrete piles in
bored holes.

Another method that may be used is the
slurry-trench method, which permits construc-
tion of a concrete wall in a trench. The trench
is excavated in short lengths. As excavation
proceeds, the trench is filled with a slurry of
bentonite, a mixture of water and fine inor-
ganic particles. The fluid pressure of the slurry
prevents the sidewalls of the trench from col-
lapsing. Concrete is then placed in the trench,
replacing the slurry.

After excavation has been completed within
a soldier-pile or sheetpile cofferdam, formwork
can be erected around the perimeter for the



Fig. 7.16. Provision for drainage at a foundation
wall.

foundation walls. Finally, concrete is placed
within the framework to form the walls. After
the concrete has hardened, the formwork and
cofferdam can be removed, for reuse else-
where. Drains should be placed behind the
walls along wall footings, to conduct away
water, and a porous backfill, such as gravel,
should be placed against the wall to allow water
to seep down to the drain (see Fig. 7.16).

References

J. Bowles, Foundation Analysis and Design, 3rd ed.
McGraw-Hill, 1982.

G. Sowers, Introductory Soil Mechanics and Foundations:
Geotechnic Engineering, 4th ed., Macmillan, 1979.

L. Zeevaert, Foundation Engineering for Difficult Subsoil
Conditions, 2nd ed., Van Nostrand Reinhold, 1982.

Words and Terms

Cofferdam

Dead man

Drilled-in rock anchor
Lagging

Raker

Sheetpiling
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Soldier beam or pile
Tieback

Wale

Slurry-trench method

Significant Relations, Functions and
Issues

Bracing for excavation related to height of cut, construc-
tion in excavation, and protection of property or build-
ings adjacent to cut.

Drainage of backfill along cofferdams

7.9. DEWATERING OF EXCAVATIONS

Several construction operations must be carried
out within an excavation for a building. These
include erection of formwork and placing of
concrete for footings, walls, piers, columns and
floors and perhaps also erection of steel col-
umns and beams. These operations can be ex-
ecuted more efficiently if the excavation is kept
dry.

Provision for dewatering therefore usually
has to be made for excavations for buildings.
Dewatering, however, also has other advan-
tages than just permitting construction to be
carried out in the dry. Removal of water makes
excavated material lighter and easier to handle.
Dewatering also prevents loss of soil below
slopes or from the bottom of the excavation, a
loss that can cause cave-ins. In addition, re-
moval of water can avoid a quick or boiling
bottom in the excavation; for example, prevent
conversion of a fine sand to quicksand.

Often, an excavation becomes wet because
the water table, or level of groundwater, is
above the bottom of the excavation. To keep
the excavation dry, the water table should be at
least 2 ft, and preferably 5 ft, below the bottom
of the excavation in most soils.

Any of several methods may be used for low-
ering the water table, when necessary, and for
draining the bottom of the excavation. Infor-
mation obtained from site exploration should
be useful for deciding on the most suitable and
economical dewatering method. This informa-
tion should cover types of soil in and below the
excavation, probable groundwater levels dur-
ing construction, permeability of the soils and
quantities of water to be removed. Pumping
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tests are useful in obtaining data for estimating
capacity of pumps needed as well as indicating
the drainage characteristics of the soils.

Dewatering Methods

When the groundwater table lies below the ex-
cavation bottom, water may enter the excava-
tion only during rainstorms, or by seepage
through side slopes or through or under coffer-
dams. In many small excavations, or where
there are dense or cemented soils, water may
be collected in ditches or sumps at the exca-
vation bottom and pumped out. This is the most
economical dewatering method.

Where seepage from the excavation sides may
be considerable, it may be cut off with a sheet-
pile cofferdam, grout curtains or concrete-pile
or slurry-trench walls. For sheetpile coffer-
dams in pervious soils, water should be inter-
cepted before it reaches the enclosure, to avoid
high pressures on the sheetpiles. Deep wells or
wellpoints may be placed outside the coffer-
dams for the purpose.

Deep wells, from 6 to 20 in. in diameter, are
placed around the perimeter of the excavation
to intercept seepage or to lower the water table.
Water collecting in the wells is removed with
centrifugal or turbine pumps at the well bot-
toms. The pumps are enclosed in protective
well screens and a sand-gravel filter.

Wellpoints often are used for lowering the
water table in pervious soils or for intercepting
seepage (see Fig. 7.17). Wellpoints are metal

well screens, about 2 to 3 in. in diameter and
up to about 4 ft long, that are placed below the
bottom of the excavation and around the perim-
eter. A riser connects each wellpoint to a col-
lection pipe, or header, above ground. A com-
bined vacuum and centrifugal pump removes
the water from the header.
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Words and Terms

Deep wells
Dewatering

Quick or boiling effect
Seepage

Well points

Significant Relations, Functions, and
Issues

Conditions requiring need for dewatering.
Dewatering methods related to soil type, water level in soil
and nature of excavation and bracing of cuts.

7.10. INVESTIGATION AND TESTING

Some investigation of site and subsurface con-
ditions must be made for any building project.
The extent of investigation and its timing varies

Fig. 7.17. Waellpoint installation for an excavation.



considerably, depending on the size and nature
of the construction and the site conditions. Cost
of investigative work must be considered, and
its control may be quite important for small
building projects. However, if serious prob-
lems exist, they must be sufficiently investi-
gated, regardless of the project size.

Site surveys will provide considerable infor-
mation for the general site development. For
the building design, however, some investiga-
tion must be made of the subsurface conditions
that affect the foundations and any subgrade
construction. For small buildings with shallow
foundations, a simple soil exploration may be
sufficient, possibly conducted with very minor
equipment, such as hand augers or post-hole
diggers. Such minor investigations performed
by persons experienced in geotechnical work
can reveal considerable data, which may be
significant for site development and for prelim-
inary design of foundations.

For most building projects, however, permit-
granting agencies will require some investiga-
tion consisting of deep soil sampling and the
performance of minimal testing. Such soil ex-
plorations should be performed by experienced
persons who will usually also make some rec-
ommendations for foundation design criteria
and any special conditions that can be antici-
pated during the site work and excavation.

The form and extent of subsurface investi-
gations, the equipment used to achieve them
and the type of tests to be performed, all vary
considerably. When the site is fully unex-
plored, the first investigations may be done pri-
marily to establish what type of investigation is
really required. In many situations it is possible
to predict from past experience or previous
construction on the site the likelihood of en-
countering specific conditions in the region of
the site. Information is also forthcoming from
various sources such as:

1. Government engineering, building or

highway departments.

2. Government agricultural agencies or ag-
ricultural industry organizations.

3. Various agencies that conduct studies for
water resources, such as erosion control,
and seismic activity.
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4. U.S. Armed Forces studies for nonclas-
sified projects.

Most geotechnical engineering organizations in
the soil investigation and testing business will
make use of any such information that is avail-
able for regions they regularly serve, and they
can thus work from a considerable database to
predict conditions on any site.

In the end what is required is whatever in-
vestigation is necessary to assure the adequacy
of the foundation design and to provide a base
for planning of the site work and excavation for
the building construction. This may present
some problems in timing, as some soil explo-
ration must be made before design can be done,
while the investigation required must be based
partly on knowing the building location, the
type of construction, and the anticipated mag-
nitude of foundation loadings. The result of this
can sometimes produce some interaction be-
tween design and investigation—such as when
the subsurface investigation shows that the de-
sired location for the building is the worst pos-
sible place on the site for foundations.

Investigation and testing must generally ad-
dress the establishing of three categories of in-
formation:

First is the identification of types of soils in
the various typical layers that occur at different
distances below the ground surface. Using the
Unified System (Fig. 7.3) for classification,
pertinent data are obtained. Simply identifying
soils as one of the 15 categories in the Unified
System does not yield all of the desired infor-
mation for the engineering design work, how-
ever.

Second, depending on the soil type, addi-
tional data may be required. For sand—in ad-
dition to information for the classification only
—structural behavior will be determined by rel-
ative density (from loose to dense), penetration
resistance (measured as the number of blows
required to advance a standard soil sampler),
grain shape and water content. For clay the
principal tested structural property is uncon-
fined compressive strength, g,. This property
may be approximated by simple field tests, but
must be more accurately determined by labo-
ratory tests.
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Third, information may be needed to evalu-
ate the potential for using excavated soil ma-
terials for site-development work—for pave-
ment subgrade bases, for plantings, for
retaining wall backfill, for example. This often
requires more information on surface and near-
surface materials, which are not of major con-
cern in the deep-soil investigation for founda-
tion design criteria.

For large projects, for deep excavations or
whenever major problems are anticipated dur-
ing construction, it is often necessary to per-
form some tests during the performance of the
excavation work. These may be done primarily
only to verify data from previous investigations
or to confirm assumptions made for the engi-
neering design. For some types of foundations,
however, there are investigations that are a nor-
mal part of the work. Foundations on rock, typ-
ically using very high levels of bearing pres-
sure, require tests on the rock at the time of
excavation, involving drilling to some length
into the rock material encountered. End-bear-
ing piles seated in rock must usually be load
tested, as the usual empirical formulas using
pile driving data do not work for this situation.

Soil properties are interrelated, so that a sin-
gle tested property—such as unit weight—
should relate to other tested properties, such as
penetration resistance, permeability, consoli-
dation and water content. This allows the in-
ference of some properties from the identifi-
cation of others, but more importantly permits
cross-checking to verify reliability of investi-
gative data.

The following is a description of various ex-
plorations and tests that are commonly made to
support site and foundation design work.

Explorations

Visual inspection is an essential preliminary
step for building designers, foundation consul-
tants, construction managers, and prospective
construction bidders. Visual inspection should
provide information on surface soils, rock out-
croppings, surface water, slopes, accessibility
for equipment for subsurface exploration, grad-
ing and excavating, availability of water for
drilling equipment, existing structures on the

site, former structures on the site and adjacent
structures. If possible, inspection should deter-
mine whether underground utilities may be
passing through the site. Small truck-mounted
auger drills, may be used for quick visual soil
analysis and location of groundwater below
grade.

Test pits are holes dug on a site to inves-
tigate soil conditions. They permit visual ex-
amination of soil in place and provide infor-
mation on the difficulty of digging. They also
make it possible to obtain an undisturbed sam-
ple of the soil manually. Cost of digging a test
pit, however, increases with depth. Hence, this
method is limited for economic reasons to rel-
atively shallow depths below grade.

Borings usually are resorted to for sampling
soils at greater depths than those desirable with
test pits. Boring is a drilling process in which
a hole is formed in the ground for soil sampling
or rock drilling. The hole may be protected by
insertion of a steel casing or with drilling mud,
a slurry of water and clay. Borings may be car-
ried out in several different ways, but the most
satisfactory results are usually obtained by
“‘dry’’ sampling.

““Dry sampling has the objective of obtain-
ing a complete sample of the natural soil. For
the purpose, a hole is drilled; for example, with
a hollow-stem auger. Samples are obtained by
lowering a drill rod with a sampler on the bot-
tom end through the hollow-stem auger to the
bottom of the hole. Then, the sampler is driven
beyond the lead point of the auger to secure a
sample of the soil.

Any of several different types of samplers,
also called spoons, may be used to obtain a dry
sample from a borehole. Thin-walled types
cause less soil disturbance, but thick-walled
types are preferable for sampling stiff, non-
plastic soils. Some samplers have sectional lin-
ings for collecting samples, to permit delivery
of samples to a laboratory without manual han-
dling of the soil.

A sampler is driven into the bottom of a hole
with a free-falling weight. Standard practice is
to use a 140-1b weight falling 30 in. on a spoon



with 2-in. outside diameter. The number of
blows required to drive the spoon are recorded
for each foot of penetration into the soil. This
record is useful as a measure of the soil resis-
tance encountered and may be used for soil
classification. If undisturbed soil samples can
be obtained, however, unconfined compression
tests on them in a laboratory can be of greater
value to engineers than the number of spoon
blows. Shearing strength, for example, equals
one-half the unconfined compressive strength
of the soil.

Rock samples generally are obtained in the
form of rock cores. For the purpose, rotary
drilling with shot or diamond bits is used. A
complete core, however, may not always be
obtainable. Hence, investigators should report
the percentage of recovery of rock, the ratio of
length of core obtained to distance drilled.
Generally, the higher the percentage of recov-
ery, the better the condition of the rock. Note,
however, that recovery also depends on care
taken in sampling and on type of bit used in
drilling.

Water-table depth and its variation over a pe-
riod of time should be reported when a site in-
vestigation is made, because the presence of
groundwater can affect foundation design and
construction. One method is to dig a permanent
observation well and take weekly or monthly
readings of the water level. Another method is
to take readings in boreholes.

Local building codes may specify the mini-
mum number of borings or test pits in terms of
building area, for example, one for every 2,500
sq ft of ground area. These codes also may
specify the depth for the holes and pits. At least
one boring, though, should extend into bed-
rock.

Soil Tests in the Field

Properties of soils from which predictions of
their behavior under building loads may be
made sometimes can be determined directly in
the field. Such tests may measure soil density,
permeability, compressibility or shearing
strength. The tests may be made at the bottom
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of test pits or of casings driven into the soil or
inserted in boreholes. After the casings have
been cleaned out, any of several different kinds
of tests may be carried out on the exposed bot-
tom. Common tests include loading of cone-
shaped plungers or tight-fitting bearing plates
to measure resistance of the soil to penetration
or compression. Sometimes, a vane shear test
may be made. In this test, a rod with two to
four vertical plates, or vanes, at the tip is in-
serted into the soil and rotated. The torques re-
quired to start and maintain rotation can be cor-
related with shear resistance and internal
friction. The data can be used to estimate soil
bearing capacity and pile friction resistance and
hence pile length required.

Bearing capacity of a soil to support footings
often is estimated from load tests made in the
field. The tests are made on a small area of soil
in a pit at the level of the footings to be built.
In the tests, loads are applied in increments to
a bearing plate resting on the soil. Hydraulic
jacks or weights may be used to load the plate.
Settlement of the plate after each increment has
been in place 24 hr is recorded, but sometimes
sizable settlements continue for a long time, in
which case it is necessary to wait until settle-
ment stops. The data recorded usually are plot-
ted to form a load-settlement curve.

In load tests of a typical footing for a build-
ing, loads are continually increased to 150 or
200% of the expected footing design load. The
design load may be considered acceptable if,
when applied in the test, the load does not cause
a settlement exceeding a specified amount, for
example, % in. Also, under the maximum ap-
plied load, settlement must be nearly propor-
tional to that under the design load. Building
codes generally prescribe the procedure for
making a load test.

Soil Tests in Laboratories

Any of many different laboratory tests may be
made on soils to identify those present, deter-
mine their properties and predict their behavior
under building loads. Usually, however, only
a few different tests are necessary. More tests
may be needed though for foundations with
heavy or dynamic loads and those on weak or
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unreliable soils. Among the more commonly
made tests are the following:

Mechanical analyses are performed to de-
termine the percentages of different size parti-
cles in a soil sample. Different sizes of sieves
are used to separate coarse particles. Fine par-
ticles are separated by sedimentation, usually
by hydrometer test. The gradations measured
in such analyses can be used to indicate the type
of soil and a wide variety of properties, such as
permeability, frost resistance, compactability
and shearing strength.

Density determinations are made to mea-
sure the compressibility of soils. Loosely
packed soils are more compressible than com-
pact ones.

Compaction tests are made to determine the
maximum density that can be achieved for a
soil. These tests provide data for later use in
the field to insure that the desired degree of
compaction of a fill is achieved with compac-
tion equipment.

Moisture-content determinations are made
for use in estimating soil compactability and
compressibility and to predict the shearing
strength of clays at varying water contents.

Consistency tests may be made on fine-
grained soils to predict their shearing strength
at varying water contents. Atterberg-limit tests,
for example, are made to determine the water
contents that change fine-grained soils from
solids to semisolids, then to plastic materials,
and finally to liquids.

Permeability tests are conducted to estimate
subsurface water flow, such as artesian flow
and flow under sheetpiling.

Compression tests of various types are made
to determine the compressibility and shearing
strength of soils.

Consolidation tests are made to obtain in-
formation for predicting anticipated settlement
of soils under building loads.

Direct shear tests are conducted to deter-
mine the bearing capacity of soils under build-
ing loads and the stability of ground slopes.

The value of information obtained from lab-
oratory tests depends greatly on the care with
which samples are extracted, locations from
which samples are taken, and the care in stor-
ing, handling and delivering samples to the lab-
oratory, as well as the execution of the tests.
Intelligent interpretation of test results also is
important.
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Words and Terms

Borings

Rock cores

Soil sampling (dry)
Test pits

Density

Penetration resistance
Compaction
Consistency
Consolidation

Significant Relations, Functions and
Issues

Types of investigations and tests related to soil conditions
and nature of construction.

Timing of soil investigations related to schedule of design
work and construction.

Importance of reliability of investigation and interpreta-
tions of data.

Field tests for soil density, permeability, compressibility,
shearing strength, unconfined compressive strength

Laboratory tests for particle size and gradation, density,
water content, consolidation

7.11. SYSTEMS-DESIGN APPROACH
TO SITE ADAPTATION

Two cases must be considered in systems de-
sign of a building. One is the situation where a
site has already been purchased and the build-



ing must be adapted to it. The second is the
situation where a site has not yet been selected
before design starts. In the latter case, the
building designers may be able to influence
purchase of a site that will permit use of the
most economical foundations and that will have
mostly beneficial effects on building design and
construction.

The lot and foundations may be treated as a
major subsystem of the building, but for brev-
ity will be referred to as the site-foundation
system. The systems-design steps illustrated in
Fig. 3.4 should be applied to this system.

There are complications, however, because
the site-foundation system plays conflicting
roles in building design. The lot is both the ini-
tial and final subsystem in a sequence of sub-
systems comprising a building. The lot affects
design of the basic subsystems, such as the
building envelope (shape, plan dimensions and
number of stories, or height), orientation of the
building on the site and access to the building
from streets and highways. In contrast, as the
end subsystem, the site-foundation system does
not affect the design of the building structural
system, after the type and geometry of the
building system has.been selected. In view of
the associated complications of the conflicting
roles, a practical procedure is to prepare sche-
matics of the building superstructure, with due
consideration to site characteristics, and then to
apply systems design to site adaptation and pre-
liminary design of foundations.

Data Collection and Problem Formulation

In selection of a site, reconnaissance, surveys
and preliminary soil sampling, as well as pur-
chase-cost comparisons, should provide infor-
mation to guide decision making. After a site
has been bought, data should be collected to
guide site adaptation and foundation design, as
described in Sec. 7.2 and 7.3. Site surveys and
soil investigations should provide information
on size and shape of lot, surface conditions,
slopes, rock outcroppings, underlying soils,
water table, access to site, utilities available,
possible interferences with construction opera-
tions, and neighbors and adjoining construc-
tion. In addition, the possible effects of build-
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ing construction on neighbors and adjoining
construction should be determined.

The goal may be stated succinctly as: to adapt
the building to the site or the site to the building
to meet the owner’s goal for the building.

Objectives

Start of a listing of objectives depends on
whether or not a site has been selected. When
a site has not been selected, one objective is to
select a site that gives designers freedom to de-
sign a building that meets the owner’s goal ef-
ficiently and economically. Given a site, one
objective is to choose sizes, shape and orien-
tation of the building to make the most efficient
use of the site. Other objectives then may be
listed to give details on what is required of the
building and site. Included should be the im-
portant objective of selecting the most econom-
ical foundation system for the building size and
the site surface and subsurface conditions and
for meeting requirements for supporting super-
structure walls and columns.

Constraints

Numerous constraints may be imposed on site
adaptation and foundation design. Among the
most important are the lot size and shape, sur-
face and subsurface conditions that make build-
ing design and construction difficult or costly,
locations of building walls and columns, site
grading and drainage, depth of excavation re-
quired and cofferdams needed, and provision
of access to the lot and the building. Also im-
portant are considerations that have to be given
to community relations, neighboring construc-
tion, building-code requirements and zoning
regulations.

Synthesis and Analysis

Schematics of the superstructure should be pre-
pared to meet site-foundation system objectives
as well as superstructure objectives. At the
same time, the schematics should satisfy the
constraints imposed on both the site-foundation
system and the superstructure. Analysis of the
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proposed design should verify that the objec-
tives and constraints are indeed met.

If the owner approves the schematics, pre-
liminary designs of alternative foundation sys-
tems should be developed. Costs of these sys-
tems should then be estimated.

Value Analysis and Appraisal

The benefits and costs of the alternative foun-
dations should be compared. The evaluation
should lead to selection of the optimum type of
foundations for the building site. Then, the op-
timum foundations of the chosen type should
be designed. Inasmuch as the foundations are
the final subsystem in the sequence of subsys-
tems composing the building system, the type
of foundations selected for the preliminary de-
sign will be unaffected by the superstructure
preliminary design, unless it is changed from
that shown in the schematics.
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EXERCISES

The following questions and problems are pro-
vided for review of the individual sections of
the chapter.

Section 7.1

1. Why do construction plans for a building
on one site have to be revised for use for
an identical building on a different site?

2. An owner has purchased a 20,000-sq ft site
for an office building. Studies show the
need for at least 25,000 sq ft of floor area
for the building. What effect will this have
on design of the building?

3. What site of each of the following pairs
should a designer recommend for a large
factory?

(a) Triangular lot or square lot, both with
the same area.

(b) Level lot or one with a 2% slope.

(¢) Lot with rock at the surface or one with
rock about 20 ft below the surface.

(d) Lot on a two-way service road one half
mile from a freeway entrance/exit or a
lot on a one-way service road midway
between entrance/exits one mile apart.

4. Describe at least three ways in which zon-
ing affects selection of a site for:

(a) A one-family dwelling.

(b) A factory.

(c) A high-rise office building.

Section 7.2

5. An architect is recommending to a client
purchase of a ten-acre parcel for develop-
ment as a shopping center. What map
should be examined to determine:

(a) The potential market to be served by
the shopping center?

(b) Availability of water, sewers, electric-
ity and gas?

(c) Access roads?

(d) Who owns adjoining property?

(e) Current occupancy usage of nearby
properties?

(f) Whether zoning would permit a shop-
ping center to be built?

6. Who should prepare the survey plan for a
site?

Section 7.3

7. What two materials ordinarily take up the
void in a soil?



10.

11.

12.

13.

14.

. What are the principal differences between

cohesionless and cohesive soils?

. If the specific gravity of the solid particles

in a soil is 2.65 and the tested void ratio is
0.3, what is the unit weight of the dry soil
in 1b/ft>?

What is the difference between a well-
graded soil and one that is:

(a) uniformly graded?

(b) gap-graded?

What are the various factors to be consid-
ered in establishing the design unit bearing
pressure for bearing footings?

What particular conditions make settle-
ments of increased concern in foundation
design?

What is the difference between active and
passive lateral soil pressure?

How is frictional resistance determined
differently for sand and clay soils?

Section 7.4

15.

16.

A wall footing is to support a thick, rein-

forced masonry wall. Besides considera-

tion of allowable bearing pressure, what
should be noted in establishing the foot-
ing dimensions?

A one story building with shallow foot-

ings is to have footings bear on silty sand

at approximately 2 ft below natural grade.

Based on data from Table 7.2, find:

(a) Required width for a wall footing;
load is 2.4 kips/ft; footings 12 in.
thick.

(b) Side dimension for a square column
footing; column load is 80 kips; as-
sume footing 16 in. thick.

Section 7.5

17.

18.
19.

20.

What are the principal considerations that
influence a decision to use deep founda-
tions instead of a shallow bearing founda-
tion?

Why are piles usually placed in groups?
What soil conditions make the installation
of piles or piers difficult?

What is the purpose of a belled bottom on
a drilled pier?
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Section 7.6

21. What is meant by the term ‘‘equivalent
fluid pressure’’?

22. Why is it desirable to have the load result-
ant coincide with the plan centroid of an
abutment?

23. What are some means for bracing of pile
and pier foundations for lateral load ef-
fects?

24. What is the difference between pole frame
and pole platform construction?

Section 7.7

25. In developing plans for site grading, why
is it desirable to balance the cuts and fills?

26. What are some positive changes that may
be effected by soil modification?

27. What considerations must be made in de-
veloping the site with regard to water run-
off?

28. What site design considerations may be af-
fected by accommodation of service lines
for utilities?

29. Describe some of the relations between de-
velopment of landscaping and design of the
building and its foundations.

Section 7.8

30. What are the purposes of foundation walls?
31. What are the purposes of grade beams?
32. What are the purposes of cofferdams?

33. Describe the steps in forming a deep foun-
dation with a sheetpile cofferdam.

34. Describe the slurry-trench method of con-
structing a foundation wall.

35. How can a buildup of hydrostatic pressure
in permeable soil against a foundation wall
be prevented?

36. Under what conditions can horizontal
bracing between parallel foundation walls
be considered safe?

Section 7.9

37. What is the most economical method,
when it works, for dewatering an excava-
tion?
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38.

39.

Where should deep wells be placed to de-
water an excavation?

Describe the installation of a wellpoint
system for dewatering an excavation.

Section 7.10

40.

41.

What soil properties can usually be ade-
quately determined by field tests?

What soil properties require laboratory
tests for reliable determination?

42.

43.

What data are most significant for estab-
lishing the engineering design criteria for:
(a) sand?

(b) clay?

(c) bedrock?

Describe the problems involved in decid-
ing what kinds of investigations to make
and how and when to make them for the
foundation design of a large building proj-
ect on an extensive site in an area with no
history of building construction.



Chapter 8

Structural Systems

Structural systems are major subsystems incor-
porated to resist the loads in and on a building.
The prime function of the systems is to trans-
mit safely the loads from the upper portion, or
superstructure, of the building to the founda-
tions and the ground.

Floors, ceilings and roofs may serve simply as
working surfaces or enclosures, which transmit
loads to a structural system. More economi-
cally, these building components may also serve
as part of the structural system, participating in
the load-carrying function. Similarly, parti-
tions and walls may serve simply as space divid-
ers and fire stops. Again, these components
may serve also economically as part of the
structural system. The systems design approach
encourages such multipurpose use of building
components.

Comprehension of the role of structural sys-
tems requires a knowledge of:

1. Types and magnitudes of loads that may
be imposed on a building

2. Structural materials and their characteris-
tics

3. Structural analysis and design theory and
practice

4. Types of structural systems, their behavior
under load and probable life-cycle cost

5. Methods of erecting structural systems

Structural analysis and design lie in the prov-
ince of specialists, called structural engineers.
They may serve ds independent consultants to
the prime design professional for a building or,

preferably, as part of the building team. The
scope of structural engineering is broad and
complex. This chapter therefore can only de-
scribe briefly the most significant aspects of
structural systems.

8.1. BUILDING LOADS

Loads are the external forces acting on a build-
ing or a component of a building. They tend to
deform the structure and its components, al-
though in a properly designed structure, the de-
formations are not noticeable. There are
many ways in which loads are classified. The
more important classifications are described
below.

Types of Stress

One method classifies loads in accordance with
the deformation effect on the components re-
sisting them. Thus, the type of load depends on
the way in which it is applied to a component:
Tensile forces tend to stretch a component.
Compressive forces squeeze a component.
Shearing forces tend to slide parts of a com-
ponent past each other (a cubical element be-
comes a parallelepiped). (See Fig. 8.1.)
These forces occur because motion produced
by loads is required to be negligible. Hence,
when a load is applied to a structural compo-
nent, an equal and opposite reaction must also
be developed to maintain static equilibrium.
The function of a structural component is to re-
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Fig. 8.1. Force actions and deformations.

sist the load and its reaction, and in so doing,
the component is subjected to tension,
compression or shear, or a combination of
these. The reaction may be supplied by other
structural members, foundations or supports
external to the building.

Laws of Equilibrium. Because the reaction
prevents translatory motion, the sum of all the
external forces acting on a structural member in
equilibrium must be zero. If the external forces
are resolved into horizontal components H,;
H,,...and vertical components V,,V,,....
then

THi=0 3V;=0 i=12,... B.L

Because the reaction to a load also prevents
rotation, the sum of the moments of the exter-
nal forces about any point must be zero:

IM=0 (8.2)

Now imagine a structural member cut into
two parts but with each part restrained from
motion by reactions with the other part. These
reactions are called stresses. They are the inter-
nal forces in a structural member that resist the
loads and external reactions. Because each of
the two parts are in static equilibrium, the laws
of equilibrium expressed by Egs. (8.1) and (8.2)
hold for each part.

Because loads are known, these laws often

may be used to determine internal stresses and
external reactions. For example, Egs. (8.1) and
(8.2) may be used to determine three unknowns
in any nonconcurrent coplanar force system.
The equations may yield the magnitude of
three forces for which the direction and point
of application are known, or the magnitude,
direction and point of application of a single
force.

As an illustration of the use of the laws of
equilibrium, the reactions of a simple beam will
be computed. Line AB in Fig. 8.2a represents
the beam, which is shown to have a 20-ft span.
A support at A cannot resist rotation nor hori-
zontal movement. It can supply only a vertical
reaction R,. A support at B cannot resist rota-
tion. It can supply a reaction with a horizontal
component H and a vertical component R,. A
10-kip load (10,000 1b) is applied at a 45° an-
gle to the beam at C, 5 ft from A. The load has
horizontal and vertical components equal to
7.07 kips (see Fig. 8.2b). There are therefore
three unknown reactions to these components,
R,, R, and H, to be determined from Egs. (8.1)
and (8.2).

Because the sum of the horizontal compo-
nents of the external forces must be zero, H
must be equal to the 7.07-kip horizontal com-
ponent of the load but oppositely directed (see
Fig. 8.2b). To make the sum of the vertical
components of the external forces vanish: R, +
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Fig. 8.2. Simple beam with inclined load.

R, — 7.07 = 0, where the negative sign is as-
signed to the downward acting force. To apply
Eq. (8.2), moments are taken about B, which
makes the moment arms of R, and the horizon-
tal forces equal to zero. The result is 20R, —
15 X 7.07 = 0, from which R, = 5.30 kips.
Substitution in the equation for the sum of the
vertical forces yields R, = 7.07 — 5.30 = 1.77
kips.

If moments are taken about another point,
say A, the result will not be another indepen-
dent equation. The calculations, however, will
be a check on the preceding results: 20R; -
5 X 7.07 = 0, from which again R, = 1.77 kips.

Static and Dynamic Loads

Another classification method for loads takes
into account the rate of variation of load with
time.

Static loads are forces that are applied slowly
to a building and then remain nearly constant.
Weight of building components, such as floors
and roof, is one example.

Dynamic loads are forces that vary with time.
They include moving loads, such as automo-
biles in a garage; repeated, and impact loads.
Repeated loads are forces that are applied many
times and cause the magnitude and sometimes
also the direction of the stresses in a component
to change. Forces from a machine with off-bal-
ance rotating parts are one example. Impact
loads are forces that require a structure or a
component to absorb energy quickly. Dropping
of a heavy weight on a floor is one example.

Distributed and Concentrated Loads

Another classification method for loads takes
into account the degree to which aload is spread

out over a supporting member and the location
of the load relative to an axis passing through
the centroid of sections of the member.

Distributed loads are forces spread out over
a relatively large area of a supporting member.
Uniformly distributed loads are those that have
constant magnitude and direction. Weight of a
concrete floor slab of constant thickness and
density is one example.

Concentrated loads are forces that have a
small contact area on a supporting member rela-
tive to the entire surface area. One example is
the load from a beam on a girder supporting it.
Concentrated loads and loads that for practical
purposes may be considered concentrated may
be further classified as follows:

An axial load on a section of a supporting
member is a force that passes through the cen-
troid of the section and is perpendicular to the
section.

An eccentric load on a section of a support-
ing member is a force perpendicular to the sec-
tion but not passing through its centroid. Such
loads tend to bend the member.

A torsional load on a section of a supporting
member is a force offset from a point, called
the shear center, of the section. Such loads tend
to twist the member.

Design Loads

Still another classification method is one gener-
ally employed in building codes. It takes into
account the nature of the source of the load.

Dead loads include the weight of a building
and its components and anything that may be
installed and left in place for a long time.
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Table 8.1. Minimum Design Dead Loads for Buildings

Type of Construction Psf
Ceilings
Plaster (on tile or concrete) S
Suspended gypsum lath and plaster 10
Concrete slabs
Stone aggregate, reinforced, per inch of thickness 125
Lightweight aggregate, reinforced, per inch of thickness 9
Floor finishes
Cement, per inch of thickness 12
Ceramic or quarry tile, 1-in. 12
Hardwood flooring, g-in. 4
Plywood subflooring, 5 -in. 1.5
Resilient flooring (asphalt tile, linoleum, etc.) 2
Glass
Single-strength 1.2
Double-strength or %-in. plate 1.6
Insulation
Glass-fiber bats, per inch of thickness 0.5
Urethane, 2-in. 1.2
Partitions
Gypsum plaster, with sand, per inch of thickness 8.5
Gypsum plaster, with lightweight aggregate, per inch 4
Steel studs, with plaster on two sides 18
Wood studs, 2 X 4-in., with plaster on one side 11
Wood studs, 2 X 4-in., with plaster on two sides 19
Roof coverings
Composition, 4-ply felt and gravel 5.5
Composition, 5-ply felt and gravel 6
Shingles
Asbestos-cement 4
Asphalt 2
Wood 3
Walls
Clay or concrete brick, per 4-in. wythe 33-46
Concrete block, 8-in. hollow, with stone aggregate SS
Concrete block, 8-in. hollow, lightweight aggregate 35
Gypsum block, 4-in. hollow 12.5
Waterproofing
S-ply membrane 5
Materials Lb per cu ft
Ashlar masonry
Granite 165
Limestone 135-165
Marble 173
Sandstone 144
Cement, portland, loose 90
Concrete, stone aggregate, reinforced 150
Steel 490
Wood
Douglas fir 40
Pine 33-50




Live loads include occupants and installations
that may be relocated, removed or apply dy-
namic forces.

Impact loads are dynamic forces applied by
live loads. Because they are considered related
to live loads, impact loads generally are taken as
a fraction of the live loads causing them.

Wind, snow and seismic loads are forces
caused, respectively, by wind pressure, weight
of snow and inertia in earthquakes. Snow loads
usually are treated as additional dead load,
whereas the other two types may be considered
dynamic loads or may be taken into account by
use of approximately equivalent static loads.

In design, structural engineers apply the
maximum probable load that may occur or the
load required by the applicable building code,
whichever is larger. Tables 8.1 through 8.4 il-
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lustrate the type of data that might be given in
building codes. More general comprehensive
design data on loads are given in the American
National Standards Institute Building Code Re-
quirements for Minimum Design Loads in
Buildings and Other Structures.

8.2.DEFORMATIONS
OF STRUCTURAL MEMBERS

Section 8.1 points out that loads cause a struc-
tural member to deform. In a properly de-
signed member, the deformations produced by
design loads are very small. In tests, though,
large deformations can be produced.

Tension and Elongation

Figure 8.3a shows a straight structural member
in static equilibrium under the action of a pair
of equal but oppositely directed axial tensile

Table 8.2. Minimum Design Uniformly Distributed Live Loads, Impact Included?

Occupancy or use Psf

Auditoriums with fixed seats 60
Auditorium with movable seats 100
Garages, for passenger cars 50
Hospitals

Operating rooms, laboratories and service areas 60

Patients’ rooms, wards and personnel areas 40
Libraries

Reading rooms 60

Stack areas (books and shelving 65 1b per cu ft) 150
Lobbies, first floor 100
Manufacturing 125-250
Office buildings

Corridors above first floor 80

Files 125

Offices 50
Residential

Apartments and hotel guest rooms 40

Attics, uninhabitable 20

Corridors (multifamily and hotels) 80

One- and two-family 40
Retail stores

Basement and first floor 100

Upper floors 75
Schools

Classrooms 40

Corridors 80
Toilet areas 40

4See local building code for permitted reductions for large loaded areas.
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Table 8.3. Pressures, psf, for Winds with 50-Year Recurrence Interval

Exposures

110-mph basic wind speed?
(Coastal areas, N.W. and
S.E. United States)

90-mph basic wind speeda
(Northern and central
United States)

80-mph basic wind speed?
(Other parts of the
United States)

Height zone,

ft above curb AP B¢ cd AP B¢ c4 AP B¢ c?
0-50 20 40 65 15 25 40 15 20 35
51-100 30 50 75 20 35 50 15 25 40
101-300 40 65 85 25 45 60 20 35 45
301-600 65 85 105 40 55 70 35 45 55
Over 600 85 100 120 60 70 80 45 55 65

%At 30-ft height above ground surface.

Centers of large cities and rough, hilly terrain.
€Suburban regions, wooded areas and rolling ground.
dFlat, open country or coast, and grassland.

Table 8.4. Roof Design Loads, psf, for
Snow Depth with 50-Year Recurrence In-
terval

Roof angle with
horizontal, degrees

forces T. Note that the arrows representing T
are directed away from the ends of the mem-
ber. As indicated in Fig. 8.3a, the forces stretch
the member. The elongation occurs in the di-
rection of the forces and its magnitude is shown

Regions as e. Tests and experience indicate that for a
(other then mountainous)® 0-30 | 40 | 50 | 60 specific member, the larger the magnitude of T
Southern states S 5 S 0 the larger e will be.
Central and northwestern states 10 |10 | S N
Middle Atlantic states 30 [25]20 (10 . .

mpr
Northern states 50 [40 30|15 Compression and Buckling

%For mountainous regions, snow load should be based
on analysis of local climate and topography.

e

]

T~

Figure 8.3b shows a straight structural member
in static equilibrium under the action of a pair

N

N

(d)

Fig. 8.3. Deformation effects of force actions. (a) Tension. (b) Compression of short element. (c) Compres-

sion of slender element. (d) Shear.



of equal but oppositely directed axial compres-
sive forces C. Note that the arrows representing
C are directed toward the ends of the member.
Two cases must be recognized: short compres-
sion members and columns.

A short compression member is one with
length L in the direction of C not much larger
than the dimensions of the member perpendic-
ular to the length. As shown for the short mem-
ber in Fig. 8.3b, C causes the member to
shorten an amount e in the direction of C. Tests
and experience indicate that for a specific
member, the larger the magnitude of C, the
larger e will be.

A column is a compression member with
length L in the direction of C much larger than
the dimensions of the member perpendicular to
C. For small values of C, the column may be-
have in the same way as a short compression
member; but if C is made larger, the central
portion of the member will move perpendicular
to the length (see Fig. 8.3¢). This sort of move-
ment is called buckling. A specific value of C,
called the Euler load, will hold the column in
equilibrium in the buckled position. Larger
loads will cause an increase in buckling until
the column fails. Tests and experience indi-
cate, however, that a relatively small force ap-
plied normal to the length of the column at an
appropriate point can prevent buckling. This
observation indicates that proper bracing can
stop columns from buckling.

Shear

The rectangle in Fig. 8.3d may represent a
structural member, such as a short bracket, or
an element isolated from the interior of a struc-
tural member. The vertical arrow directed
downward represents a shearing force V. For
equilibrium, an equal but oppositely directed
vertical force must be provided, by an external
reaction in the case of the bracket or by a shear
stress in the case of the internal element. These
forces tend to make vertical sections of the
member slide past each other. As a result, one
edge of the rectangle moves a distance e rela-
tive to the other edge. Tests and experience in-
dicate that the larger the magnitude of V, the
larger e will become.
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In Fig. 8.3d, the load V and its reaction are
shown a distance L apart. Thus, they form a
couple with a moment VL in the clockwise di-
rection. For equilibrium, a counterclockwise
moment also equal to VL must be provided by
external forces or by stresses. These are indi-
cated in Fig. 8.3d by the dashed-line horizontal
arrows V', From this it may be concluded that
if shears act on an element in one direction,
shears must also act on the element in a per-
pendicular direction.

Load-Deformation Curves

To study the behavior of a member, tests may
be performed on it to measure deformations as
loads are increased in increments. For graphic
representation of the results, each measured de-
formation may be plotted for the corresponding
load producing it. If the points are connected
with a line, the result is a load-deformation
curve, also known as a load-deflection curve.
While the curve provides information on the
structural behavior of the member, the results
are applicable only to that specific member.
For more generally applicable results of such
tests, the concepts of stress and strain are more
useful. These are discussed in Sec. 8.3.

8.3. UNIT STRESSES AND STRAINS

Deformation as described in Sec. 8.2 is the total
change produced by loads in the dimension of a
member in the direction of the loads. Deforma-
tion is also referred to as strain.

Unit strain, or unit deformation, in any direc-
tion at any point in a structural member is the
deformation per unit of length in that direction.

Types of Unit Strain

Consider the structural member in Fig. 8.3a
subjected to axial tensile forces, which cause
an elongation e of the member. If the unit
strains can be considered constant along the
member, then the unit strain at every point can
be obtained by dividing e by the length L; that
is, the tensile unit strain ¢, in the direction of T
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equals

[ B

8.3)

Consider now the structural member in Fig.
8.3b subjected to axial compressive forces,
which cause a shortening e of the member.
Again, if the unit strains ¢, can be considered
constant along the length L of the member, the
compressive unit strain in the direction of C
equals

8.4)

€

[l K\

Finally, consider the rectangular element in
Fig. 8.3d subjected to shearing forces. If the
deformation e is divided by the distance L over
which it occurs, the result is the angular rota-
tion v, radians, of the sides of the rectangle
when it is distorted into a parallelogram. Thus,
the shearing unit strain is given by the angle

e
== 8.5)
L)

In general, unit strains are not constant in a
loaded structural member. They actually repre-
sent the limiting value of a ratio giving deforma-
tion per unit length.

Unit Stresses

Section 8.1 defines stress as the internal force
in a structural member that resists loads and ex-
ternal reactions.

Unit stress is the load per unit of area at a
point in a structural member and in a specific
direction.

Consider the structural member in Fig. 8.3a
subjected to horizontal axial tensile forces 7.
Imagine the member cut into two parts by a
vertical section and still maintained in equilib-
rium. Thus, each cut end must be subjected to
a stress equal but opposite to T that is supplied
by the reaction of the other part. Assume now
that the unit stresses are constant over each cut
end (see Fig. 8.4a). Then, by the definition of
unit stress, the product of A, the area of the cut
end, and the unit tensile stress f; must equal 7,
for equilibrium. So, for constant unit tensile
stress.

bA (8.6)

2N

Imagine now the structural member in Fig.
8.3b, subjected to horizontal axial compressive
forces C, cut into two parts by a vertical section
and still maintained in equilibrium. Assume
that the unit stresses are constant over each cut
end (see Fig. 8.4b). Then, from the require-
ment of equilibrium, the unit compressive stress
equals

fom 87)
where A is the area of the cut end.

Tensile and compressive stresses are sometimes
referred to as normal stresses, because they act
on an area normal to the loads. Under this con-
cept, tensile stresses are considered as positive
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Fig. 8.4. Development of unit stresses. (a) Tension stress.

(c)

(b) Compressive stress. (c) Shearing stress.



normal stresses and compressive stresses as neg-
ative normal stresses.

Shearing unit stress acts differently. The area
over which this type of stress acts is the sliding
area and therefore must be taken in the direc-
tion of the shear force. Consider, for example,
the element of a structural member represented
by a rectangle with sides of length L and L’ in
Fig. 8.4c. A downward shearing force V must
be counteracted, for equilibrium, by upward
shearing unit stresses f,,. If the sliding area A
= L't, where t is the thickness of the member
and the unit shearing stresses are considered
constant over A, then for equilibrium L'tf,, =
V. So for constant unit shear, '

|4
=— 8.8
fw=7n (88)
Also, for equilibrium, the element must be sub-
jected to a horizontal shear V', which is coun-
teracted by horizontal unit shearing stresses f,,, .
These stresses act over an area Lt. Hence,

VI
=T (8.9)
In addition, for equilibrium, the couple
VL must equal the couple V'L', or (L'tf,,)L =

(Ltf,x)L'. Division by LtL' yields

foy =Fx (8.10)
Consequently, the unit shearing stresses in per-
pendicular directions are equal. They therefore
can be represented simply by f,.

One other type of unit stress should be con-
sidered at this point. This type of stress, called
bearing stress, is the same type discussed in
Chap. 3 as the pressure under a spread footing.
Figure 8.5a shows a load P applied to a struc-
tural member 1, which, in turn, transmits the

Afy

*
’77}//;/;/77/
2

(a) (b) (c)

Fig. 8.5. Bearing stress. (a) Load presses member
1 against member 2. (b) Unit bearing stress on mem-
ber 1. (c) Unit bearing stress on member 2.
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load to a second structural member 2 over a
bearing area A. As indicated in Fig. 8.5b, the
reaction of 2 on 1 is a bearing stress f,, as-
sumed constant over A. For equilibrium, Af, =
P. Then, the bearing stress on 1 is

P

f, ==

2 8.11)

Also, for equilibrium, the reaction of 1 on 2
(see Fig. 8.5¢) is a bearing stress f,, oppositely
directed, given by Eq. (8.11).

In general, unit stresses are not constant in a
loaded structural member but vary from point
to point. The unit stress at any point in a spe-
cific direction is the limiting value of the ratio
of the internal force on any small area to that
area, as the area is taken smaller and smaller.

Stress-Strain Curves

To study the behavior of a structural material,
load tests are performed on a specimen of stan-
dard size and shape. For materials that have
been in use a long time, the specimen size and
shape generally are taken to accord with the re-
quirements of an applicable method of test
given in an ASTM specification. In these tests,
loads are increased in increments and the de-
formation is measured for each load. Then, unit
stresses are computed from the loads, and unit
strains from the deformations. For graphic rep-
resentation of the results, each strain may be
plotted for the corresponding unit stress. If the
points are connected by a line, the result is a
stress-strain curve.

While a load-deflection curve provides infor-
mation on the behavior under load of the spe-
cific member tested, a stress-strain curve sup-
plies information on the mechanical properties
of the material tested. This information is ap-
plicable to practically any size and shape of
structural member made of the material. Stress-
strain curves will be discussed in more detail
later.

SECTIONS 8.1-8.3
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Words and Terms

Buckling

Deformation

Elongation

Force, types of, actions

Load: dead, live, static, dynamic, wind, snow, seismic,
impact, distributed, concentrated

Strain

Stress

Unit stress

Significant Relations, Functions and
Issues

Function of structure; structural role of building construc-
tion components.

Aspects of understanding of structures.

Types of stresses; nature of unit stress; forms of defor-
mation.

Loads: sources, effects, measurement.

8.4. IDEALIZATION OF
STRUCTURAL MATERIALS

Stress-strain curves obtained from a standard
load test of a structural material are indicative
of the behavior of structural members made of
that material. Several mechanical properties of
importance can be deduced from such curves.

Material Properties and Stress-Strain
Curves

Some examples of stress-strain curves for dif-
ferent materials are shown in Fig. 8.6. These
were developed from tension tests in which a
specimen was loaded in increments until it
fractured.

Curve OA in Fig. 8.6a is indicative of the
behavior of a brittle material. For the material
tested, stress is proportional to strain through-
out the loading. Fracture occurs suddenly at
point A. The ultimate tensile strength, or unit
stress at failure, is represented by F,.

Ductility. The curve in Fig. 8.6 is indica-
tive of the behavior of a ductile material. Duc-
tility is the ability of a material to undergo large
deformations before it fractures. Initially, for
the material tested, as indicated by line OB,
stress is proportional to strain. Between points
B and C, the stress-strain curve may be irreg-
ular or nearly horizontal. Beyond C, strains in-
crease rapidly with little increase in stress, or a
nominal decrease, until fracture occurs. The
large deformations before fracture give ample
warning of the imminence of failure. Conse-
quently, ductility is a very desirable character-
istic of structural materials.

Elastic Behavior. If a material, after being
subjected to a load, returns to its original size
after it has been unloaded, it is said to be elas-
tic. If the size is different, the material is called
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Fig. 8.6. Stress—strain curves for various materials.

(b) (c)

(a) Curve for an elastic but brittle material. (b) Curve

for an elastic, ductile material. (c) Curve for a material with no proportional limit.



inelastic. The material for which the stress-
strain curve in Fig. 8.6b was developed is elas-
tic up to a stress called the elastic limit. If the
material is loaded to a larger stress, it will not
return to its original size when unloaded. It has
become inelastic. The curve for slow unloading
is nearly parallel to line OB, the initial portion
of the stress-strain curve. Thus, as indicated in
Fig. 8.6b, if the material is loaded beyond the
elastic limit until the point D on the stress-strain
curve is reached, the unloading curve will be
DE. The material will then have a permanent
set, or residual unit strain, OE. If the material
is now reloaded, the stress-strain curve will lie
along ED, back to D. It has again become elas-
tic, but with the permanent set OE.

The stress at which strain and stress cease to
be proportional is known as the proportional
limit.

The stress F, beyond which there appears to
be an increase in strain with no increase or a
small decrease in stress is called the yield point.

The elastic limit, proportional limit and yield
point, if they exist, are located close together
on the stress-strain curve. For some materials,
determination of the values of these stresses is
very difficult. Furthermore, some materials do
not have a proportional limit or a recognizable
yield point or elastic limit. Figure 8.6¢ shows
the stress-strain curve for a material with no
proportional limit and with a yield point that is
poorly defined.

For such materials, an arbitrary stress, called
the yield strength, also denoted by F,, may be
used as a measure of the beginning of plastic
strain, or inelastic behavior. The yield strength
is defined as the stress corresponding to a spe-
cific permanent set, usually 0.20% (0.002 in.
per in.).

The yield point and yield strength are impor-
tant in structural design because they are used
as the limit of usefulness of a structural mate-
rial. At higher stresses, the material suffers per-
manent damage, undergoes large deformations,
which may damage supported construction, and
is close to failure. It has become customary,
consequently, to apply safety factors to F), in
the determination of allowable unit stresses or
safe loads for ductile materials.
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Some additional structural properties of note
are the following:

Poisson’s ratio (u) is the ratio of lateral unit
strain to longitudinal unit strain in a material.
Under tension, for example, a member length-
ens in the longitudinal direction and shortens
laterally. For steel this ratio is about 0.3 and
for concrete it is about 0.25.

Modulus of elasticity (E) is the ratio of nor-
mal stress (tension or compression) to strain
within the proportional limit. On the stress-
strain graph, this is measured as the tangent of
the angle of the curve (such as line OB in Fig.
8.6b).

Toughness is the ability of a material to ab-
sorb large amounts of energy (dynamic load-
ing) without failure. This is often affected by
temperature, toughness being reduced at low
temperatures.

Modulus of rigidity or shearing modulus (G)
is the constant of proportionality when shearing
unit strain is proportional to unit shear stress:

5 =Gy (8.12)

where

[ = shearing unit stress
v = shearing unit strain
G = modulus of rigidity, or shearing modulus
of elasticity

It is possible to determine G from alinear stress-
strain curve when Poisson’s ratio is known, be-
cause G is related to the modulus of elasticity

in tension and compression:
G = _E (8.13)
2(1 + )

where

1 = Poisson’s ratio for the material

Idealized Structural Materials

To simplify structural analysis and design,
structural materials usually are represented by a
simple mathematical model. The model often
assumes that a material is homogeneous; that is,
there is no change in the material from point to
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point in a structural member. Also, the model
generally assumes that the material is isotropic,
that it has the same properties in all directions.

For some materials, additional assumptions
are made. Some common ones for structural
steel, for example, is that the material has the
same modulus of elasticity in compression and
tension and is ductile and tough.

Hooke’s Law. Figure 8.7 shows the stress-
strain curve in tension for an idealized ductile,
linearly elastic structural material. For this ma-
terial, Hooke’s law applies up to the yield stress
F,.
Hooke’s law states that unit strain is propor-
tional to unit stress. The law can be represented

by the equation

Ee (8.14)

f=
where

f = unit stress

€ = unit strain

E = modulus of elasticity
(also called Young’s
modulus)

Accordingly, line OB, the initial portion of the
stress-strain curve, in Fig. 8.7 is a straight line
with slope E. At point B, the stress is F,.

Plastic Behavior. The portion of the stress-
strain curve beyond B often is taken as a hori-

0 Unit Strain

Fig. 8.7. Stress-strain curve for an idealized duc-
tile, linearly elastic material.

zontal line, such as BC in Fig. 8.7. This is a
conservative assumption for ductile materials,
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