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PREFACE

The sixth edition of the Building Design and Construction Handbook maintains the
original objectives of previous editions which gained widespread acceptance among
users. These objectives are to provide in a single volume a compendium of the best
of the current knowledge and practices in building design and construction.

This information would be of greatest use to those who have to make decisions
affecting the selection of engineering materials and construction methods. Emphasis
is placed on fundamental principles and practical applications, with special attention
to simplified procedures. Frequent reference is made to other sources where addi-
tional authoritative information may be obtained, such as architectural and engi-
neering societies, manufacturers associations, and the Internet. An extensive index
is provided to assist the reader in locating topics within the book.

Many new contributors and sections have been added in this edition to provide
the reader with the latest developments and knowledge in the building industry.
These developments include the expansion of data technology and communication
systems within the building system, revisions to wind and seismic loadings, and an
expansion of the information on fire sprinkler systems. To present the necessary
information in a single volume, obsolete and less-important information in the ear-
lier editions has been deleted.

The editor is very grateful to the contributors, not only for their care, skill, and
knowledge used in preparing the sections, but also for their considerable sacrifices
of personal time to prepare the sections.

Jonathan T. Ricketts
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SECTION ONE
BUILDING SYSTEMS*

Jonathan T. Ricketts
Consulting Engineer
Palm Beach Gardens, Florida

Sociological changes, new technology in industry and commerce, new building
codes, other new laws and regulations, inflationary economies of nations, and ad-
vances in building technology place an ever-increasing burden on building designers
and constructors. They need more and more knowledge and skill to cope with the
demands placed on them.

The public continually demands more complex buildings than in the past. They
must serve more purposes, last longer, and require less maintenance and repair. As
in the past, they must look attractive. Yet, both building construction and operating
costs must be kept within acceptable limits or new construction will cease.

To meet this challenge successfully, continual improvements in building design
and construction must be made. Building designers and constructors should be alert
to these advances and learn how to apply them skillfully.

One advance of note to building design is the adaptation of operations research,
or systems design, developed around the middle of the twentieth century and orig-
inally applied with noteworthy results to design of machines and electronic equip-
ment. In the past, design of a new building was mainly an imitation of the design
of an existing building. Innovations were often developed fortuitously and by in-
tuition and were rare occurrences. In contrast, systems design encourages innova-
tion. It is a precise procedure that guides creativity toward the best decisions. As
a result, it can play a significant role in meeting the challenges posed by increasing
building complexity and costs. The basic principles of systems design are presented
in this section.

1.1 PRINCIPLES OF ARCHITECTURE

A building is an assemblage that is firmly attached to the ground and that provides
total or nearly total shelter for machines, processing equipment, performance of
human activities, storage of human possessions, or any combination of these.

*Revised and updated from the previous edition by the late Frederick S. Merritt.
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Building design is the process of providing all information necessary for con-
struction of a building that will meet its owner’s requirements and also satisfy public
health, welfare, and safety requirements. Architecture is the art and science of
building design. Building construction is the process of assembling materials to
form a building.

Building design may be legally executed only by persons deemed competent to
do so by the state in which the building is to be constructed. Competency is de-
termined on the basis of education, experience, and ability to pass a written test of
design skills.

Architects are persons legally permitted to practice architecture. Engineers are
experts in specific scientific disciplines and are legally permitted to design parts of
buildings; in some cases, complete buildings. In some states, persons licensed as
building designers are permitted to design certain types of buildings.

Building construction is generally performed by laborers and craftspeople en-
gaged for the purpose by an individual or organization, called a contractor. The
contractor signs an agreement, or contract, with the building owner under which
the contractor agrees to construct a specific building on a specified site and the
owner agrees to pay for the materials and services provided.

In the design of a building, architects should be guided by the following prin-
ciples:

1. The building should be constructed to serve purposes specified by the client.

2. The design should be constructable by known techniques and with available
labor and equipment, within an acceptable time.

3. The building should be capable of withstanding the elements and normal usage
for a period of time specified by the client.

4. Both inside and outside, the building should be visually pleasing.

5. No part of the building should pose a hazard to the safety or health of its
occupants under normal usage, and the building should provide for safe evacu-
ation or refuge in emergencies.

6. The building should provide the degree of shelter from the elements and of
control of the interior environment—air, temperature, humidity, light, and acous-
tics—specified by the client and not less than the minimums required for safety
and health of the occupants.

7. The building should be constructed to minimize adverse impact on the environ-
ment.

8. Operation of the building should consume a minimum of energy while permit-
ting the structure to serve its purposes.

9. The sum of costs of construction, operation, maintenance, repair, and anticipated
future alterations should be kept within the limit specified by the client.

The ultimate objective of design is to provide all the information necessary for the
construction of a building. This objective is achieved by the production of draw-
ings, or plans, showing what is to be constructed, specifications stating what ma-
terials and equipment are to be incorporated in the building, and a construction
contract between the client and a contractor. Designers also should observe con-
struction of the building while it is in process. This should be done not only to
assist the client in ensuring that the building is being constructed in accordance
with plans and specifications but also to obtain information that will be useful in
design of future buildings.
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1.2 SYSTEMS DESIGN AND ANALYSIS

Systems design comprises a logical series of steps that leads to the best decision
for a given set of conditions. The procedure requires:

Analysis of a building as a system.

Synthesis, or selection of components, to form a system that meets specific
objectives while subject to constraints, or variables controllable by designers.

Appraisal of system performance, including comparisons with alternative sys-
tems.

Feedback to analysis and synthesis of information obtained in system evalua-
tion, to improve the design.

The prime advantage of the procedure is that, through comparisons of alterna-
tives and data feedback to the design process, systems design converges on an
optimum, or best, system for the given conditions. Another advantage is that the
procedure enables designers to clarify the requirements for the building being de-
signed. Still another advantage is that the procedure provides a common basis of
understanding and promotes cooperation between the specialists in various aspects
of building design.

For a building to be treated as a system, as required in systems design, it is
necessary to know what a system is and what its basic characteristic are.

A system is an assemblage formed to satisfy specific objectives and subject to
constraints and restrictions and consisting of two or more components that are
interrelated and compatible, each component being essential to the required per-
formance of the system.

Because the components are required to be interrelated, operation, or even the
mere existence, of one component affects in some way the performance of other
components. Also, the required performance of the system as a whole, as well as
the constraints on the system, imposes restrictions on each component.

A building meets the preceding requirements. By definition, it is an assemblage
(Art. 1.1). It is constructed to serve specific purposes. It is subject to constraints
while doing so, inasmuch as designers can control properties of the system by
selection of components (Art. 1.9). Building components, such as walls, floors,
roofs, windows, and doors, are interrelated and compatible with each other. The
existence of any of thee components affects to some extent the performance of the
others. And the required performance of the building as a whole imposes restrictions
on the components. Consequently, a building has the basic characteristics of a
system, and systems-design procedures should be applicable to it.

Systems Analysis. A group of components of a system may also be a system.
Such a group is called a subsystem. It, too, may be designed as a system, but its
goal must be to assist the system of which it is a component to meet its objectives.
Similarly, a group of components of a subsystem may also be a system. That group
is called a subsubsystem.

For brevity, the major subsystems of a building are referred to as systems in this
book.

In a complex system, such as a building, subsystems and other components may
be combined in a variety of ways to form different systems. For the purposes of
building design, the major systems are usually defined in accordance with the con-
struction trades that will assemble them, for example, structural framing, plumbing,
electrical systems, and heating, ventilation, and air conditioning.

In systems analysis, a system is resolved into its basic components. Subsystems
are determined. Then, the system is investigated to determine the nature, interaction,
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and performance of the system as a whole. The investigation should answer such
questions as:

What does each component (or subsystem) do?
What does the component do it to?

How does the component serve its function?
What else does the component do?

Why does the component do the things it does?
What must the component really do?

Can it be eliminated because it is not essential or because another component
can assume its tasks?

See also Art. 1.8.

1.3 TRADITIONAL DESIGN PROCEDURES

Systems design of buildings requires a different approach to design and construction
than that used in traditional design (Art. 1.9). Because traditional design and con-
struction procedures are still widely used, however, it is desirable to incorporate as
much of those procedures in systems design as is feasible without destroying its
effectiveness. This will make the transition from traditional design to systems de-
sign easier. Also, those trained in systems design of buildings will then be capable
of practicing in traditional ways, if necessary.

There are several variations of traditional design and construction. These are
described throughout this book. For the purpose of illustrating how they may be
modified for systems design, however, one widely used variation, which will be
called basic traditional design and construction, is described in the following and
in Art. 1.4.

In the basic traditional design procedure, design usually starts when a client
recognizes the need for and economic feasibility of a building and engages an
architect, a professional with a broad background in building design. The architect,
in turn, engages consulting engineers and other consultants.

For most buildings, structural, mechanical, and electrical consulting engineers
are required. A structural engineer is a specialist trained in the application of sci-
entific principles to the design of load-bearing walls, floors, roofs, foundations, and
skeleton framing needed for the support of buildings and building components. A
mechanical engineer is a specialist trained in the application of scientific principles
to the design of plumbing, elevators, escalators, horizontal walkways, dumbwaiters,
conveyors, installed machinery, and heating, ventilation, and air conditioning. An
electrical engineer is a specialist trained in the application of scientific principles
to the design of electric circuits, electric controls and safety devices, electric motors
and generators, electric lighting, and other electric equipment.

For buildings on a large site, the architect may engage a landscape architect as
a consultant. For a concert hall, an acoustics consultant may be engaged; for a
hospital, a hospital specialist; for a school, a school specialist.

The architect does the overall planning of the building and incorporates the
output of the consultants into the contract documents. The architect determines what
internal and external spaces the client needs, the sizes of these spaces, their relative
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locations, and their interconnections. The results of this planning are shown in floor
plans, which also diagram the internal flow, or circulation, of people and supplies.
Major responsibilities of the architect are enhancement of the appearance inside
and outside of the building and keeping adverse environmental impact of the struc-
ture to a minimum. The exterior of the building is shown in drawings, called ele-
vations. The location and orientation of the building is shown in a site plan. The
architect also prepares the specifications for the building. These describe in detail
the materials and equipment to be installed in the structure. In addition, the archi-
tect, usually with the aid of an attorney engaged by the client, prepares the con-
struction contract.

The basic traditional design procedure is executed in several stages. In the first
stage, the architect develops a program, or list of the client’s requirements. In the
next stage, the schematic or conceptual phase, the architect translates requirements
into spaces, relates the spaces and makes sketches, called schematics, to illustrate
the concepts. When sufficient information is obtained on the size and general con-
struction of the building, a rough estimate is made of construction cost. If this cost
does not exceed the cost budgeted by the client for construction, the next stage,
design development, proceeds. In this stage, the architect and consultants work out
more details and show the results in preliminary construction drawings and outline
specifications. A preliminary cost estimate utilizing the greater amount of infor-
mation on the building now available is then prepared. If this cost does not exceed
the client’s budget, the final stage, the contract documents phase, starts. It cul-
minates in production of working, or construction, drawings and specifications,
which are incorporated in the contract between the client and a builder and therefore
become legal documents. Before the documents are completed, however, a final
cost estimate is prepared. If the cost exceeds the client’s budget, the design is
revised to achieve the necessary cost reduction.

In the traditional design procedure, after the estimated cost is brought within the
budget and the client has approved the contract documents, the architect helps the
owner in obtaining bids from contractors or in negotiating a construction price with
a qualified contractor. For private work, construction not performed for a govern-
mental agency, the owner generally awards the construction contract to a contractor,
called a general contractor. Assigned the responsibility for construction of the
building, this contractor may perform some, all, or none of the work. Usually, much
of the work is let out to specialists, called subcontractors. For public work, there
may be a legal requirement that bids be taken and the contract awarded to the
lowest responsible bidder. Sometimes also, separate contracts have to be awarded
for the major specialists, such as mechanical and electrical trades, and to a general
contractor, who is assigned responsibility for coordinating the work of the trades
and performance of the work. (See also Art. 1.4.)

Building design should provide for both normal and emergency conditions. The
latter includes fire, explosion, power cutoffs, hurricanes, and earthquakes. The de-
sign should include access and facilities for disabled persons.

1.4 TRADITIONAL CONSTRUCTION
PROCEDURES

As mentioned in Art. 1.3, construction under the traditional construction procedure
is performed by contractors. While they would like to satisfy the owner and the
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building designers, contractors have the main objective of making a profit. Hence,
their initial task is to prepare a bid price based on an accurate estimate of construc-
tion costs. This requires development of a concept for performance of the work
and a construction time schedule. After a contract has been awarded, contractors
must furnish and pay for all materials, equipment, power, labor, and supervision
required for construction. The owner compensates the contractors for construction
costs and services.

A general contractor assumes overall responsibility for construction of a build-
ing. The contractor engages subcontractors who take responsibility for the work
of the various trades required for construction. For example, a plumbing contractor
installs the plumbing, an electrical contractor installs the electrical system, a steel
erector structural steel, and an elevator contractor installs elevators. Their contracts
are with the general contractor, and they are paid by the general contractor.

Sometimes, in addition to a general contractor, the owners contracts separately
with specialty contractors, such as electrical and mechanical contractors, who per-
form a substantial amount of the work required for a building. Such contractors are
called prime contractors. Their work is scheduled and coordinated by the general
contractor, but they are paid directly by the owner.

Sometimes also, the owner may use the design-build method and award a con-
tract to an organization for both the design and construction of a building. Such
organizations are called design-build contractors. One variation of this type of
contract is employed by developers of groups of one-family homes or low-rise
apartment buildings. The homebuilder designs and constructs the dwellings, but
the design is substantially completed before owners purchase the homes.

Administration of the construction procedure often is difficult. Consequently,
some owners seek assistance from an expert, called a professional construction
manager, with extensive construction experience, who receives a fee. The construc-
tion manager negotiates with general contractors and helps select one to construct
the building. Managers usually also supervise selection of subcontractors. During
construction, they help control costs, expedite equipment and material deliveries,
and keep the work on schedule (see Art. 17.9). In some cases, instead, the owner
may prefer to engage a construction program manager, to assist in administrating
both design and construction.

Construction contractors employ labor that may or may not be unionized. Un-
ionized craftspeople are members of unions that are organized by construction
trades, such as carpenter, plumber, and electrician unions. Union members will
perform only the work assigned to their trade. On the job, groups of workers are
supervised by crew supervisors, all of whom report to a superintendent.

During construction, all work should be inspected. For this purpose, the owner,
often through the architect and consultants, engages inspectors. The field inspectors
may be placed under the control of an owner’s representative, who may be titled
clerk of the works, architect’s superintendent, engineer’s superintendent, or resident
engineer. The inspectors have the responsibility of ensuring that construction meets
the requirements of the contract documents and is performed under safe conditions.
Such inspections may be made at frequent intervals.

In addition, inspections also are made by representatives of one or more gov-
ernmental agencies. They have the responsibility of ensuring that construction meets
legal requirements and have little or no concern with detailed conformance with
the contract documents. Such legal inspections are made periodically or at the end
of certain stages of construction. One agency that will make frequent inspections
is the local or state building department, whichever has jurisdiction. The purpose
of these inspections is to ensure conformance with the local or state building code.
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During construction, standards, regulations, and procedures of the Occupational
Safety and Health Administration should be observed. These are given in detail in
“Construction Industry. OSHA Safety and Health Standards (29CFR1926/1910),”
Government Printing Office, Washington, DC 20402.

Following is a description of the basic traditional construction procedure for a
multistory building:

After the award of a construction contract to a general contractor, the owner
may ask the contractor to start a portion of the work before signing of the contract
by giving the contractor a letter of intent or after signing of the contract by issuing
a written notice to proceed. The contractor then obtains construction permits, as
required, from governmental agencies, such as the local building, water, sewer, and
highway departments.

The general contractor plans and schedules construction operations in detail and
mobilizes equipment and personnel for the project. Subcontractors are notified of
the contract award and issued letters of intent or awarded subcontracts, then are
given, at appropriate times, notices to proceed.

Before construction starts, the general contractor orders a survey to be made of
adjacent structures and terrain, both for the record and to become knowledgeable
of local conditions. A survey is then made to lay out construction.

Field offices for the contractor are erected on or near the site. If desirable for
safety reasons to protect passersby, the contractor erects a fence around the site and
an overhead protective cover, called a bridge. Structures required to be removed
from the site are demolished and the debris is carted away.

Next, the site is prepared to receive the building. This work may involve grading
the top surface to bring it to the proper elevations, excavating to required depths
for basement and foundations, and shifting of utility piping. For deep excavations,
earth sides are braced and the bottom is drained.

Major construction starts with the placement of foundations, on which the build-
ing rests. This is followed by the erection of load-bearing walls and structural
framing. Depending on the height of the building, ladders, stairs, or elevators may
be installed to enable construction personnel to travel from floor to floor and even-
tually to the roof. Also, hoists may be installed to lift materials to upper levels. If
needed, temporary flooring may be placed for use of personnel.

As the building rises, pipes, ducts, and electric conduit and wiring are installed.
Then, permanent floors, exterior walls, and windows are constructed. At the appro-
priate time, permanent elevators are installed. If required, fireproofing is placed for
steel framing. Next, fixed partitions are built and the roof and its covering, or
roofing, are put in place.

Finishing operations follow. These include installation of the following: ceilings;
tile; wallboard; wall paneling; plumbing fixtures; heating furnaces; air-conditioning
equipment; heating and cooling devices for rooms; escalators; floor coverings; win-
dow glass; movable partitions; doors; finishing hardware; electrical equipment and
apparatus, including lighting fixtures, switches, outlets, transformers, and controls;
and other items called for in the drawings and specifications. Field offices, fences,
bridges, and other temporary construction must be removed from the site. Utilities,
such as gas, electricity, and water, are hooked up to the building. The site is land-
scaped and paved. Finally, the building interior is painted and cleaned.

The owner’s representatives then give the building a final inspection. If they find
that the structure conforms with the contract documents, the owner accepts the
project and gives the general contractor final payment on issuance by the building
department of a certificate of occupancy, which indicates that the completed build-
ing meets building-code requirements.
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1.5 ROLE OF THE CLIENT IN DESIGN AND
CONSTRUCTION

Article 1.4 points out that administration of building construction is difficult, as a
result of which some clients, or owners, engage a construction manager or con-
struction program manager to act as the owner’s authorizing agent and project
overseer. The reasons for the complexity of construction administration can be seen
from an examination of the owner’s role before and during construction.

After the owner recognizes the need for a new building, the owner establishes
project goals and determines the economic feasibility of the project. If it appears
to be feasible, the owner develops a building program (list of requirements), budget,
and time schedule for construction. Next, preliminary arrangements are made to
finance construction. Then, the owner selects a construction program manager or
an architect for design of the building. Later, a construction manager may be cho-
sen, if desired.

The architect may seek from the owner approval of the various consultants that
will be needed for design. If a site for the building has not been obtained at this
stage, the architect can assist in site selection. When a suitable site has been found,
the owner purchases it and arranges for surveys and subsurface explorations to
provide information for locating the building, access, foundation design and con-
struction, and landscaping. It is advisable at this stage for the owner to start de-
veloping harmonious relations with the community in which the building will be
erected.

During design, the owner assists with critical design decisions; approves sche-
matic drawings, rough cost estimates, preliminary drawings, outline specifications,
preliminary cost estimates, contract documents, and final cost estimate; pays de-
signers’ fees in installments as design progresses; and obtains a construction loan.
Then, the owner awards the general contract for construction and orders construc-
tion to start. Also, the owner takes out liability, property, and other desirable in-
surance.

At the start of construction, the owner arranges for construction permits. As
construction proceeds, the owner’s representatives inspect the work to ensure com-
pliance with the contract documents. Also, the owner pays contractors in accordance
with the terms of the contract. Finally, the owner approves and accepts the com-
pleted project.

One variation of the preceding procedure is useful when time available for con-
struction is short. It is called phase, or fast-track, construction. In this variation,
the owner engages a construction manager and a general contractor before design
has been completed, to get an early start on construction. Work then proceeds on
some parts of the building while other parts are still being designed. For example,
excavation and foundation construction are carried out while design of the structural
framing is being finished. The structural framing is erected, while heating, venti-
lation, and air-conditioning, electrical, plumbing, wall, and finishing details are
being developed. For tall buildings, the lower portion can be constructed while the
upper part is still being designed. For large, low-rise buildings, one section can be
built while another is under design.

1.6 BUILDING COSTS

Construction cost of a building usually is a dominant design concern. One reason
is that if construction cost exceeds the owner’s budget, the owner may cancel the



BUILDING SYSTEMS 19

project. Another reason is that costs, such as property taxes and insurance, that
occur after completion of the building often are proportional to the initial cost.
Hence, owners usually try to keep that cost low. Designing a building to minimize
construction cost, however, may not be in the owner’s best interests. There are
many other costs that the owner incurs during the anticipated life of the building
that should be taken into account.

Before construction of a building starts, the owner generally has to make a
sizable investment in the project. The major portion of this expenditure usually
goes for purchase of the site and building design. Remaining preconstruction costs
include those for feasibility studies, site selection and evaluation, surveys, and pro-
gram definition.

The major portion of the construction cost is the sum of the payments to the
general contractor and prime contractors. Remaining construction costs usually con-
sist of interest on the construction loan, permit fees, and costs of materials, equip-
ment, and labor not covered by the construction contracts.

The initial cost to the owner is the sum of preconstruction, construction, and
occupancy costs. The latter covers costs of moving possessions into the building
and start-up of utility services, such as water, gas, electricity, and telephone.

After the building is occupied, the owner incurs costs for operation and main-
tenance of the buildings. Such costs are a consequence of decisions made during
building design.

Often, preconstruction costs are permitted to be high so that initial costs can be
kept low. For example, operating the building may be expensive because the design
makes artificial lighting necessary when daylight could have been made available
or because extra heating and air conditioning are necessary because of inadequate
insulation of walls and roof. As another example, maintenance may be expensive
because of the difficulty of changing electric lamps or because cleaning the building
is time-consuming and laborious. In addition, frequent repairs may be needed be-
cause of poor choice of materials during design. Hence, operation and maintenance
costs over a specific period of time, say 10 or 20 years, should be taken into account
in optimizing the design of a building.

Life-cycle cost is the sum of initial, operating, and maintenance costs. Generally,
it is life-cycle cost that should be minimized in building design rather than con-
struction cost. This would enable the owner to receive the greatest return on the
investment in the building. ASTM has promulgated a standard method for calcu-
lating life-cycle costs of buildings, E917, Practice for Measuring Life-Cycle Costs
of Buildings and Building Systems, as well as a computer program and user’s guide
to improve accuracy and speed of calculation.

Nevertheless, a client usually establishes a construction budget independent of
life-cycle cost. This often is necessary because the client does not have adequate
capital for an optimum building and places too low a limit on construction cost.
The client hopes to have sufficient capital later to pay for the higher operating and
maintenance costs or for replacement of undesirable building materials and installed
equipment. Sometimes, the client establishes a low construction budget because the
client’s goal is a quick profit on early sale of the building, in which case the client
has little or no concern with future high operating and maintenance costs for the
building. For these reasons, construction cost frequently is a dominant concern in
design.

1.7 MAJOR BUILDING SYSTEMS

The simplest building system consists of only two components. One component is
a floor, a flat, horizontal surface on which human activities can take place. The
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other component is an enclosure that extends over the floor and generally also
around it to provide shelter from the weather for human activities.

The ground may serve as the floor in primitive buildings. In better buildings,
however, the floor may be a structural deck laid on the ground or supported above
ground on structural members, such as the joist and walls in Fig. 1.1. Use of a
deck and structural members adds at least two different types of components, or
two subsystems, to the simplest building system. Also, often, the enclosure over
the floor requires supports, such as the rafter and walls in Fig. 1.1, and the walls,
in turn, are seated on foundations in the ground. Additionally, footings are required
at the base of the foundations to spread the load over a large area of the ground,
to prevent the building from sinking (Fig. 1.2a). Consequently, even slight improve-
ments in a primitive building introduce numerous additional components, or sub-
systems, into a building.

More advanced buildings consist of numerous subsystems, which are referred to
as systems in this book when they are major components. Major subsystems gen-
erally include structural framing and foundations, enclosure systems, plumbing,
lighting, acoustics, safety systems, vertical-circulation elements, electric power and
signal systems, and heating, ventilation, and air conditioning (HVAC).

Structural System. The portion of a building that extends above the ground level
outside it is called the superstructure. The portion below the outside ground level
is called the substructure. The parts of the substructure that distribute building
loads to the ground are known as foundations.

Foundations may take the form of walls. When the ground under the building
is excavated for a cellar, or basement, the foundation walls have the additional task
of retaining the earth along the outside of the building (Fig. 1.1). The superstructure
in such cases is erected atop the foundation walls.

ROOF
% WINDOW
RAFTER CEILING
DOOR  WALL OR —1 FIRST STORY
- PARTITION
d
/ffﬂ 1 FLOOR JOIST EXTERIOR
Z / ,/ GROUND
CEILING A
P FOUNDATION
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FIGURE 1.1 Vertical section through a one-story building with basement shows location
of some major components. (Reprinted with permission from F. S. Merritt and J. Ambrose,
“Building Engineering and Systems Design,” 2d ed., Van Nostrand Reinhold, New York.)



BUILDING SYSTEMS 1.1

coLumy The footing under a wall (Fig. 1.2a)

WALL COLUMN FCC»;&ST%RG is called a continuous spread footing.
A slender structural member, such as a
column (Fig. 1.2b), usually is seated on
an individual spread footing. When the
soil is so weak, however, that the spread
footings for columns become very large,

SPREAD PILES it often i.s econgmical to.combine the
FOOTING footings into a single footing under the
(a) (b) (¢) whole building. Such a footing is called

FIGURE 1.2 Commonly used foundations: a raft, .OI‘ mat, fOOtlng or a ﬂ(,)atlng

(a) foundation wall on continuous footing; (b) foundation. For very weak soils, it gen-

individual spread footing for a column; (c) pile  erally is necessary to support the foun-

footing for a column. dations on piles (Fig. 1.2c¢). These are

slender structural members that are
hammered or otherwise driven through the weak soil, often until the tips seat on
rock or a strong layer of soil.

The foundation system must be designed to transmit the loads from the super-
structure structural system directly to the ground in such a manner that settlement
of the completed building as the soil deflects will be within acceptable limits. The
superstructure structural system, in turn, should be designed to transmit its loads
to the foundation system in the manner anticipated in the design of the foundations.
(See also Sec. 6.)

In most buildings, the superstructure structural system consists of floor and roof
decks, horizontal members that support them, and vertical members that support
the other components.

The horizontal members are generally known as beams, but they also are called
by different names in specific applications. For example:

Joists are closely spaced to carry light loads.

Stringers support stairs.

Headers support structural members around openings in floors, roofs, and walls.
Purlins are placed horizontally to carry level roof decks.

Rafters are placed on an incline to carry sloping roof decks.

Girts are light horizontal members that span between columns to support walls.

Lintels are light horizontal beams that support walls at floor levels in multistory
buildings or that carry the part of walls above openings for doors and windows.

Girders may be heavily loaded beams or horizontal members that support other
beams (Fig. 1.3).

Spandrels carry exterior walls and support edges of floors and roofs in multi-
story buildings.

Trusses serve the same purposes as girders but consists of slender horizontal,
vertical, and inclined components with large open spaces between them. The
spaces are triangular in shape. Light beams similarly formed are called open-
web joists (Fig. 1.6d).

Floor and roof decks or the beams that support them are usually seated on load-
bearing walls or carried by columns, which carry the load downward. (The hori-
zontal members also may be suspended on hangers, which transmit the load to
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FIGURE 1.3 Structural-steel skeleton framing for a multistory build-
ing. (Courtesy of the American Institute of Steel Construction.)

other horizontal members at a higher level.) The system comprising decks, beams,
and bearing walls is known as load-bearing construction (Fig. 1.1). The system
composed of decks, beams, and columns is known as skeleton framing (Fig. 1.3).

Both types of systems must be designed to transmit to the foundations vertical
(gravity) loads, vertical components of inclined loads, horizontal (lateral) loads, and
horizontal components of inclined loads. Vertical walls and columns have the ap-
propriate alignments for carrying vertical loads downward. But acting alone, these
structural members are inadequate for resisting lateral forces.

One way to provide lateral stability is to incorporate in the system diagonal
members, called bracing (Fig. 1.3). Bracing, columns, and beams then work to-
gether to carry the lateral loads downward. Another way is to rigidly connect beams
to columns to prevent a change in the angle between the beams and columns, thus
making them work together as a rigid frame to resist lateral movement. Still an-
other way is to provide long walls, known as shear walls, in two perpendicular
directions. Lateral forces on the building can be resolved into forces in each of
these directions. The walls then act like vertical beams cantilevers) in transmitting
the forces to the foundations. (See also Art. 3.2.4.)

Because of the importance of the structural system, the structural members
should be protected against damage, especially from fire. For fire protection, bracing
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may be encased in fire-resistant floors, roofs, or walls. Similarly, columns may be
encased in walls, and beams may be encased in floors. Or a fire-resistant material,
such as concrete, mineral fiber, or plaster, may be used to box in the structural
members (Fig. 1.6¢).

See also Secs. 7 to 11.

Systems for Enclosing Buildings. Buildings are enclosed for privacy, to exclude
wind, rain, and snow from the interior, and to control interior temperature and
humidity. A single-enclosure type of system is one that extends continuously from
the ground to enclose the floor. Simple examples are cone-like tepees and dome
igloos. A multiple-enclosure type of system consists of a horizontal or inclined top
covering, called a roof (Fig. 1.1), and vertical or inclined side enclosures called
walls.

Roofs may have any of a wide variety of shapes. A specific shape may be
selected because of appearance, need for attic space under the roof, requirements
for height between roof and floor below, desire for minimum enclosed volume,
structural economy, or requirements for drainage of rainwater and shedding of snow.
While roofs are sometimes given curved surfaces, more often roofs are composed
of one or more plane surfaces. Some commonly used types are shown in Fig. 1.4.

The flat roof shown in Fig. 1.4a is nearly horizontal but has a slight pitch for
drainage purposes. A more sloped roof is called a shed roof (Fig. 1.4b). A pitched
roof (Fig. 1.4c¢) is formed by a combination of two inclined planes. Four inclined
planes may be combined to form either a hipped roof (Fig. 1.4d) or a gambrel roof
(Fig. 1.4e). A mansard roof (Fig. 1.4f) is similar to a hipped roof but, composed
of additional planes, encloses a larger volume underneath. Any of the preceding
roofs may have glazed openings, called skylights (Fig. 1.4b), for daylighting the
building interior. The roofs shown in Fig. 1.4c to f are often used to enclose attic
space. Windows may be set in dormers that project from a sloped roof (Fig. 1.4c¢).
Other alternatives, often used to provide large areas free of walls or columns, in-
clude flat-plate and arched or dome roofs.

Monitored roofs are sometimes used for daylighting and ventilating the interior.
A monitor is a row of windows installed vertically, or nearly so, above a roof (Fig.

RIDGE DORMER

FIGURE 1.4 Roofs composed of plane surfaces: (a) flat roof; (b) shed roof; (c) pitched roof;
(d) hipped roof; (e) gambrel roof; (f) mansard roof; (g) monitored roof; (h) sawtooth
roof. (Reprinted with permission from F. S. Merritt and J. Ambrose, “Building Engineering and
Systems Design,” 2d ed., Van Nostrand Reinhold, New York.)
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1.4g). Figure 1.4h illustrates a variation of a monitored roof that is called a sawtooth
roof.

The basic element in a roof is a thin, waterproof covering, called roofing (Sec.
12). Because it is thin, it is usually supported on sheathing, a thin layer, or roof
deck, a thick layer, which in turn, is carried on structural members, such as beams
or trusses. The roof or space below should contain thermal insulation (Fig. 1.6¢
and d).

Exterior walls enclose a building below the roof. The basis element in the walls
is a strong, durable, water-resistant facing. For added strength or lateral stability,
this facing may be supplemented on the inner side by a backing or sheathing (Fig.
1.5b). For esthetic purposes, an interior facing usually is placed on the inner side
of the backing. A layer of insulation should be incorporated in walls to resist
passage of heat.

Generally, walls may be built of unit masonry, panels, framing, or a combination
of these materials.

Unit masonry consists of small units, such as clay brick, concrete block, glass
block, or clay tile, held together by a cement such as mortar. Figure 1.5a shows a
wall built of concrete blocks.

Panel walls consist of units much larger than unit masonry. Made of metal,
concrete, glass, plastics, or preassembled bricks, a panel may extend from foun-
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FIGURE 1.5 Types of exterior wall construction: (a) concrete-block wall; (b) wood-framed
wall; (¢) precast-concrete curtain wall.
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dation to roof in single-story buildings, or from floor to floor or from window
header in one story to window sill of floor above in multistory buildings. Large
panels may incorporate one or more windows. Figure 1.5¢ shows a concrete panel
with a window.

Framed walls consist of slender, vertical, closely spaced structural members,
tied together with horizontal members at top and bottom, and interior and exterior
facings. Thermal insulation may be placed between the components. Figure 1.5b
shows a wood-framed exterior wall.

Combination walls are constructed of several different materials. Metal, brick,
concrete, or clay tile may be used as the exterior facing because of strength, du-
rability, and water and fire resistance. These materials, however, are relatively ex-
pensive. Consequently, the exterior facing is made thin and backed up with a less
expensive material. For example, brick may be used as an exterior facing with wood
framing or concrete block as the backup.

Exterior walls may be classified as curtain walls or bearing walls. Curtain walls
serve primarily as an enclosure. Supported by the structural system, such walls
need to be strong enough to carry only their own weight and wind pressure on the
exterior face. Bearing walls, in contrast, serve not only as an enclosure but also to
transmit to the foundation loads from other building components, such as beams,
floors, roofs, and other walls (Fig. 1.5a and b). (See also Sec. 11.)

Openings are provided in exterior walls for a variety of purposes, but mainly
for windows and doors. Where openings occur, structural support must be provided
over them to carry the weight of the wall above and any other loads on that portion
of the wall. Usually, a beam called a lintel is placed over openings in masonry
walls (Fig. 1.5a) and a beam called a top header is set over openings in wood-
framed walls.

A window usually consists of transparent glass or plastics (glazing) held in place
by light framing, called sash. The window is fitted into a frame secured to the
walls (Fig. 1.5a). For sliding windows, the frame carries guides in which the sash
slides. For swinging windows, stops against which the window closes are built into
the frame.

Hardware is provided to enable the window to function as required. For mov-
able windows, the hardware includes grips for moving them, locks, hinges for
swinging windows, and sash balances and pulleys for vertically sliding windows.

The main purposes of windows are to illuminate the building interior with day-
light, to ventilate the interior, and to give occupants a view of the outside. For retail
stores, windows may have the major purpose of giving passersby a view of items
displayed inside. (See also Sec. 11.)

Doors are installed in exterior walls to give access to or from the interior or to
prevent such access. For similar reasons, doors are also provided in interior walls
and partitions. Thus, a door may be part of a system for enclosing a building or a
component of a system for enclosing interior spaces.

Systems for Enclosing Interior Spaces. The interior of a building usually is com-
partmented into spaces or rooms by horizontal dividers (floor-ceiling or roof-ceiling
systems) and vertical dividers (interior walls and partitions). (The term partitions is
generally applied to non-load-bearing walls.)

Floor-Ceiling Systems. The basic element of a floor is a load-carrying deck.
For protection against wear, esthetic reasons, foot comfort, or noise control, a floor
covering often is placed over the deck, which then may be referred to as a subfloor.
Figure 1.6a shows a concrete subfloor with a flexible-tile floor covering. A hollow-
cold-formed steel deck is incorporated in the subfloor to house electric wiring.
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FIGURE 1.6 Examples of floor-ceiling and roof-ceiling systems. (a) Concrete structural slab
carries hollow-steel deck, concrete fill, and flexible tile flooring. (b) Acoustical-tile ceiling
incorporating a lighting fixture with provisions for air distribution is suspended below a floor.
(c) Insulated roof and steel beams are sprayed with mineral fiber for fire protection. (d) In-
sulated roof and open-web joists are protected by a fire-rated suspended ceiling.

In some cases, a subfloor may be strong and stiff enough to span, unaided, long
distances between supports provided for it. In other cases, the subfloor is closely
supported on beams. The subfloor in Fig. 1.6a, for example, is shown constructed
integrally with concrete beams, which carry the loads from the subfloor to bearing
walls or columns.

The underside of a floor or roof and of beams supporting it, including decorative
treatment when applied to that side, is called a ceiling. Often, however, a separate
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FIGURE 1.6 (Continued)

ceiling is suspended below a floor or roof for esthetic or other reasons. Figure 1.6
shows such a ceiling. It is formed with acoustical panels and incorporates a lighting
fixture and air-conditioning inlets and outlets.

Metal and wood subfloors and beams require fire protection. Figure 1.6¢ shows
a roof and its steel beams protected on the underside by a sprayed-on mineral fiber.
Figure 1.6d shows a roof and open-web steel joists protected on the underside by
a continuous, suspended, fire-resistant ceiling. As an alternative to encasement in
or shielding by a fire-resistant material, wood may be made fire-resistant by treat-
ment with a fire-retardant chemical.

Fire Ratings. Tests have been made, usually in conformance with E119, ““Stan-
dard Methods of Tests of Building Construction and Materials,” developed by
ASTM, to determine the length of time specific assemblies of materials can with-
stand a standard fire, specified in E119. On the basis of test results, each construc-
tion is assigned a fire rating, which gives the time in hours that the assembly can
withstand the fire. Fire ratings for various types of construction may be obtained
from local, state, or model building codes or the “Fire Resistance Design Manual,”
published by the Gypsum Association.

Interior Walls and Partitions. Interior space dividers do not have to withstand
such severe conditions as do exterior walls. For instance, they are not exposed to
rain, snow, and solar radiation. Bearing walls, however, must be strong enough to
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transmit to supports below them the loads to which they are subjected. Usually,
such interior walls extend vertically from the roof to the foundations of a building
and carry floors and roof. The basic element of a bearing wall may be a solid core,
as shown in Fig. 1.7d, or closely spaced vertical framing (studs), as shown in Fig.
1.7b.

Non-load-bearing partitions do not support floors or roof. Hence, partitions may
be made of such thin materials as sheet metal (Fig. 1.7a), brittle materials as glass
(Fig. 1.7a), or weak materials as gypsum (Fig. 1.7¢). Light framing may be used
to hold these materials in place. Because they are non-load-bearing, partitions may
be built and installed to be easily shifted or to be foldable, like a horizontally sliding
door. (see also Sec. 11.)

Wall Finishes. Walls are usually given a facing that meets specific architectural
requirements for the spaces enclosed. Such requirements include durability under
indoor conditions, ease of maintenance, attractive appearance, fire resistance, water
resistance, and acoustic properties appropriate to the occupancy of the space en-
closed. The finish may be the treated surface of the exposed wall material, such as
the smooth, painted face of a sheet-metal panel, or a separate material, such as
plaster, gypsumboard, plywood, or wallpaper. (See also Sec. 11.)

Doors. Openings are provided in interior walls and partitions to permit passage
of people and equipment from one space to another. Doors are installed in the
openings to provide privacy, temperature, odor and sound control, and control pas-
sage.

Usually, a door frame is set around the perimeter of the opening to hold the
door in place (Fig. 1.8). Depending on the purpose of the door, size, and other
factors, the door may be hinged to the frame at top, bottom, or either side. Or the
door may be constructed to slide vertically or horizontally or to rotate about a
vertical axis in the center of the opening (revolving door). (See also Sec. 11.)

Hardware is provided to enable the door to function as required. For example,
hinges are provided for swinging doors, and guides are installed for sliding doors.
Locks or latches are placed in or on doors to prevent them from being opened.
Knobs or pulls are attached to doors for hand control.

RUNNER  PLASTIC RUNNER  STEEL GYPSUMBOARD BEARING FLOOR
OR GLASS / STUD FACE PANELS Llag? J

SHEET METAL GYPSUMBOARD CORE PANEL

(0) (b} ()

FIGURE 1.7 Types of partitions: (a) non-load-bearing; (b) gypsumboard on metal studs; (c)
gypsumboard face panels laminated to a gypsum core panel; (d) concrete bearing wall, floors,
and beams. (Reprinted with permission from F. S. Merritt and J. Ambrose, “Building Engi-
neering and Systems Design,” 2d ed., Van Nostrand Reinhold, New York.)
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FRAME . .
Builder’s Hardware. This is a general

term applied to fastenings and devices,
such as nails, screws, locks, hinges, and
pulleys. These items generally are clas-
sified as either finishing hardware or
rough hardware (Sec. 11).

HINGE

LATCH—_|

Plumbing. The major systems for con-
veyance of liquids and gases in pipes
within a building are classified as
plumbing. Plumbing pipes usually are
\DOOR connected to others that extend outside
) the building to a supply source, such as
FIGURE 1.8 Example of door and frame. a public water main or utility gas main,
or to a disposal means, such as a sewer.
For health, safety, and other reasons, pipes of different types of plumbing systems
must not be interconnected, and care must be taken to prevent flow from one system
to another.

The major purposes of plumbing are: (1) to convey water and heating gas, if
desired, from sources outside a building to points inside where the fluid or gas is
needed, and (2) to collect wastewater and storm water in the building, on the roof,
or elsewhere on the site and convey the liquid to sewers outside the building.

For these purposes, plumbing requires fixtures for collecting discharged water
and wastes; pipes for supply and disposal; valves for controlling flow; drains, and
other accessories. For more details, see Sec. 14.

PULL |

Heating, Ventilation, and Air-Conditioning (HVAC). Part of the environmental
control systems within buildings, along with lighting and sound control, HVAC is
often necessary for the health and comfort of building occupants. Sometimes, how-
ever, HVAC may be needed for manufacturing processes, product storage, or op-
eration of equipment, such as computers. HVAC usually is used to control temper-
ature, humidity, air movement, and air quality in the interior of buildings.

Ventilation is required to supply clean air for breathing, to furnish air for op-
eration of combustion equipment, and to remove contaminated air. Ventilation, how-
ever, also can be used for temperature control by bringing outside air into a building
when there is a desirable temperature difference between that air and the interior
air.

The simplest way to ventilate is to open windows. When this is not practicable,
mechanical ventilation is necessary. This method employs fans to draw outside air
into the building and distribute the air, often through ducts, to interior spaces. The
method, however, can usually be used only in mild weather. To maintain comfort
conditions in the interior, the fresh air may have to be heated in cold weather and
cooled in hot weather.

Heating and cooling of a building interior may be accomplished in any of a
multitude of ways. Various methods are described in Sec. 13.

Lighting. For health, safety, and comfort of occupants, a building interior should
be provided with an adequate quantity of light, good quality of illumination, and
proper color of light. The required illumination may be supplied by natural or
artificial means.
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Daylight is the source of natural illumination. It enters a building through a
fenestration, such as windows in the exterior walls or monitors or skylights on the
roof.

Artificial illumination can be obtained through consumption of electrical energy
in incandescent, fluorescent, electroluminescent, or other electric lamps. The light
source is housed in a luminaire, or lighting fixture. More details are given in Sec.
15.

Acoustics. The science of sound, its production, transmission, and effects are ap-
plied in the building design for sound and vibration control.

A major objective of acoustics is provision of an environment that enhances
communication in the building interior, whether the sound is created by speech or
music. This is accomplished by installation of enclosures with appropriate acoustic
properties around sound sources and receivers. Another important objective is re-
duction or elimination of noise—unwanted sound—from building interiors. This
may be accomplished by elimination of the noise at the source, by installation of
sound barriers, or by placing sound-absorbing materials on the surfaces of enclo-
sures.

Still another objective is reduction or elimination of vibrations that can annoy
occupants, produce noise by rattling loose objects, or crack or break parts or con-
tents of a building. The most effective means of preventing undesirable vibrations
is correction of the source. Otherwise, the source should be isolated from the build-
ing structure and potential transmission paths should be interrupted with carefully
designed discontinuities.

Electric Power and Communication Systems. Electric power is generally bought
from nearby utility and often supplemented for emergency purposes by power from
batteries or a generating plant on the site. Purchased power is brought from the
power lines connected to the generating source to an entrance control point and a
meter in the building. From there, conductors distribute the electricity throughout
the building to outlets where the power can be tapped for lighting, heating, and
operating electric devices.

Two interrelated types of electrical systems are usually provided within a build-
ing. One type is used for communications, including data, telephone, television,
background music, paging, signal and alarm systems. The second type serves the
other electrical needs of the building and its occupants. For more details, see Sec.
15 and 18.

In addition to conductors and outlets, an electrical system also incorporates de-
vices and apparatus for controlling electric voltage and current. Because electricity
can be hazardous, the system must be designed and installed to prevent injury to
occupants and damage to building components.

For more details, see Sec. 15.

Vertical-Circulation Elements. In multistory buildings, provision must be made
for movement of people, supplies, and equipment between the various levels. This
may be accomplished with ramps, stairs, escalators, elevators, dumbwaiters, vertical
conveyors, pneumatic tubes, mail chutes, or belt conveyors. Some of the mechanical
equipment, however, may not be used for conveyance of people.

A ramp, or sloping floor, is often used for movement of people and vehicles in
such buildings as stadiums and garages. In most buildings, however, stairs are in-
stalled because they can be placed on a steeper slope and therefore occupy less
space than ramps. Nevertheless, federal rules require at least one handicap acces-
sible entrance for all new buildings.
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A stairway consists of a series of steps and landings. Each step consists of a
horizontal platform, or tread, and a vertical separation or enclosure, called a riser
(Fig. 1.9a). Railings are placed along the sides of the stairway and floor openings
for safety reasons. Also, structural members may be provided to support the stairs
and the floor edges. Often, in addition, the stairway must be enclosed for fire
protection.

Escalators, or powered stairs, are installed in such buildings as department
stores and transportation terminals, or in the lower stories of office buildings and
hotels, where there is heavy pedestrian traffic between floors. Such powered stairs
consist basically of a conveyor belt with steps attached; an electric motor for mov-
ing the belt, and steps, controls, and structural supports.

Elevators are installed to provide speedier vertical transportation, especially in
tall buildings. Transportation is provided in an enclosed car that moves along
guides, usually within a fire-resistant vertical shaft but sometimes unenclosed along
the exterior of a building. The shaft, or the exterior wall, has openings, protected
by doors, at each floor to provide access to the elevator car. The car may be sus-
pended on and moved by cables (Fig. 1.9b) or set atop a piston moved by hydraulic
pressure (Fig. 1.9¢).

More information on vertical-circulation elements is given in Sec. 16.

Intelligent Buildings. In addition to incorporating the major systems previously
described, intelligent buildings, through the use of computers and communication
equipment, have the ability to control the total building environment. The equip-
ment and operating personnel can be stationed in a so-called control center or the
equipment can be monitored and controlled remotely via a computer, modem and
telephone line. Various sensors and communication devices, feeding information to
and from the control center, are located in key areas throughout the building for
the purposes of analyzing and adjusting the environment, delivering messages dur-
ing emergencies, and dispatching repair personnel and security guards, as needed.

To conserve energy, lighting may be operated by sensors that detected people
movement. HVAC may be adjusted in accordance with temperature changes. Ele-
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FIGURE 1.9 Vertical-circulation elements: (a) stairs; (b) electric traction elevator; (¢) hydraulic
elevator.
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vators may be programmed for efficient handling of variations in traffic patterns
and may be equipped with voice synthesizers to announce floor stops and give
advice in emergencies. In addition, intelligent buildings are designed for ease and
flexibility in providing for changes in space use, piping, electrical conductors, and
installed equipment. See also Arts. 3.5.12 and 3.7.2.

(F. S. Merritt and J. Ambrose, “Building Engineering and Systems Design,” 2nd
Ed., Van Nostrand Reinhold, New York.)

1.8 VALUE ENGINEERING

As indicated in Art. 1.3, the client in the initial design phase develops a program,
or list of requirements. The goal of the designers is to select a system that meets
these requirements. Before the designers do this, however, it is advisable for them
to question whether the requirements represent the client’s actual needs. Can the
criteria and standards affecting the design be made less stringent? After the program
has been revised to answer these questions, the designers select a system. Next, it
is advisable for the designers to question whether the system provides the best
value at the lowest cost. Value engineering is a useful procedure for answering this
question and selecting a better alternative if the answer indicates this is desirable.

Value engineering is the application of the scientific method to the study of
values of systems. The major objective of value engineering in building design and
construction is reduction of initial and life-cycle costs (Art. 1.6). Thus, value en-
gineering has one of the objectives of systems design, in which the overall goal is
production of an optimum building, and should be incorporated in the systems-
design procedure.

The scientific method, which is incorporated in the definitions of value engi-
neering and systems design, consists of the following steps:

1. Collection of data and observations of natural phenomena
2. Formulation of a hypothesis capable of predicting future observations

3. Testing of the hypothesis to verify the accuracy of its predictions and abandon-
ment or improvement of the hypothesis if it is inaccurate

Those who conduct or administer value studies are often called value engineers,
or value analysts. They generally are organized into an interdisciplinary team for
value studies for a specific project. Sometimes, however, an individual, such as an
experienced contractor, performs value engineering services for the client for a fee
or a percentage of savings achieved by the services.

Value Analysis. 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 evaluations of
system performance. Because generally in comparisons of systems only relative
values need be considered, value takes into account both advantages and disadvan-
tages, the former being considered positive and the latter negative. It is therefore
possible in comparisons of systems that the value of a component of a system may
be negative and subtracts of systems from the overall performance of the system.

System evaluations would be relatively easy if a monetary value could always
be placed on performance. Then, benefits and costs could be compared directly.
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Value, however, often must be based on a subjective decision of the client. For
example, how much extra is an owner willing to pay for beauty, prestige, or better
community relations? Will the owner accept gloom, glare, draftiness, or noise for
a savings in cost? Consequently, other values than monetary must be considered in
value analysis. Such considerations require determination of the relative importance
of the client’s requirements and weighting of values accordingly.

Value analysis is the part of the value-engineering procedure devoted to inves-
tigation of the relation between costs and values of components and systems and
alternatives to these. The objective is to provide a rational guide for selection of
the lowest-cost system that meets the client’s actual needs.

Measurement Scales. For the purposes of value analysis, it is essential that char-
acteristics of a component or system on which a value is to be placed be distin-
guishable. An analyst should be able to assign different numbers, not necessarily
monetary, to values that are different. These numbers may be ordinates of any one
of the following four measurement scales: ratio, interval, ordinal, nominal.

Ratio Scale. This 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. Absence of the characteristic is assigned the value
zero. This type of scale is commonly used in engineering, especially in cost com-
parisons. For example, if a value of $10,000 is assigned to system A and of $5000
to system B, then A is said to cost twice as much as B.

Interval Scale. This scale has the property that equal intervals between assigned
values represent equal differences in the characteristic being measured. The scale
zero is assigned arbitrarily. The Celsius scale of temperature measurements is a
good example of an interval scale. Zero is arbitrarily established as the temperature
at which water freezes; the zero value does not indicate absence of heat. The boiling
point of water is arbitrarily assigned the value of 100. The scale between 0 and
100 is then divided into 100 equal intervals called degrees (°C). Despite the arbi-
trariness of the selection of the zero point, the scale is useful in heat measurement.
For example, changing the temperature of an objective from 40°C to 60°C, an
increase of 20°C, requires twice as much heat as changing the temperature from
45°C to 55°C, an increase of 10°C.

Ordinal Scale. This scale has the property that the magnitude of a value number
assigned to a characteristic indicates whether a system has more, or less, of the
characteristic than another system has or is the same with respect to that charac-
teristic. For example, in a comparison of the privacy afforded by different types of
partitions, each may be assigned a number that ranks it in accordance with the
degree of privacy that it provides. Partitions with better privacy are given larger
numbers. Ordinal scales are commonly used when values must be based on sub-
jective judgments of nonquantifiable differences between systems.

Nominal Scale. This scale has the property that the value numbers assigned to
a characteristic of systems being compared merely indicate whether the systems
differ in this characteristic. But no value can be assigned to the difference. This
type of scale is often used to indicate the presence or absence of a characteristic
or component. For example, the absence of a means of access to equipment for
maintenance may be represented by zero or a blank space, whereas the presence
of such access may be denoted by 1 or X.

Weighting. In practice, construction cost usually is only one factor, perhaps the
only one with a monetary value, of several factors that must be evaluated in a
comparison of systems. In some cases, some of the other characteristics of the
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system may be more important to the owner than cost. Under such circumstances,
the comparison may be made by use of an ordinal scale for ranking each charac-
teristic and then weighting the rankings in accordance with the importance of the
characteristic to the owner.

As an example of the use of this procedure, calculations for comparison of two
partitions are shown in Table 1.1. Alternative 1 is an all-metal partition and alter-
native 2 is made of glass and metal.

In Table 1.1, characteristics of concern in the comparison are listed in the first
column. The numbers in the second column indicate the relative importance of each
characteristic to the owner: 1 denotes lowest priority and 10 highest priority. These
are the weights. In addition, each of the partitions is ranked on an ordinal scale,
with 10 as the highest value, in accordance with the degree to which it possesses
each characteristic. These rankings are listed as relative values in Table 1.1. For
construction cost, for instance, the metal partition is assigned a relative value of 10
and the glass-metal partition a value of 8, because the metal partition costs a little
less than the other one. In contrast, the glass-metal partition is given a relative value
of 8 for visibility, because the upper portion is transparent, whereas the metal
partition has a value of zero, because it is opaque.

To complete the comparison, the weight of each characteristic is multiplied by
the relative value of the characteristic for each partition and entered in Table 1.1
as a weighted value. For construction cost, for example, the weighted values are
8 X 10 = 80 for the metal partition and 8 X 8 = 64 for the glass-metal partition.
The weighted values for each partition are then added, yielding 360 for alternative
1 and 397 for alternative 2. While this indicates that the glass-metal partition is
better, it may not be the best for the money. To determine whether it is, the weighted
value for each partition is divided by its cost, yielding 0.0300 for the metal partition

TABLE 1.1 Comparison of Alternative Partitions*

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

*Reprinted with permission from F. S. Merritt, “‘Building Engineering and Systems Design,” Van Nos-
trand Reinhold Company, New York.
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and 0.0265 for the other. Thus, the metal partition appears to offer more value for
the money and would be recommended.

Economic Comparisons. In a choice between alternative systems, only the dif-
ferences between system values are significant and need to be compared.

Suppose, for example, the economic effect of adding 1 in of thermal insulation
to a building is to be investigated. In a comparison, it is not necessary to compute
the total cost of the building with and without the insulation. Generally, the value
analyst need only subtract the added cost of 1 in of insulation from the decrease
in HVAC cost to obtain the net saving or cost increase resulting from addition of
insulation. A net saving would encourage addition of insulation. Thus, a decision
can be reached without the complex computation of total building cost.

In evaluating systems, value engineers must take into account not only initial
and life-cycle costs but also the return the client wishes to make on the investment
in the building. Generally, a client would like not only to maximize profit, the
difference between revenue from use of the building and total costs, but also to
ensure that the rate of return, the ratio of profit to investment, is larger than all of
the following:

Rate of return expected from the type of business
Interest rate for borrowed money

Rate for government bonds or notes

Rate for highly rated corporate bonds

The client is concerned with interest rates because all costs represent money that
must be borrowed or that could otherwise be invested at a current interest rate. The
client also has to be concerned with time, measured from the date at which an
investment is made, because interest cost increases with time. Therefore, in eco-
nomic comparisons of systems, interest rates and time must be taken into account.
(Effects of monetary inflation can be taken into account in much the same way as
interest.)

An economic comparison usually requires evaluation of initial capital invest-
ments, salvage values after several years, annual disbursements and annual reve-
nues. Because each element in such a comparison may have associated with it an
expected useful life different from that of the other elements, the different types of
costs and revenues must be made commensurable by reduction to a common basis.
This is commonly done by either:

1. Converting all costs and revenues to equivalent uniform annual costs and income

2. Converting all costs and revenues to present worth of all costs and revenues at
time zero.

Present worth is the money that, invested at time zero, would yield at later
times required costs and revenues at a specified interest rate. In economic compar-
isons, the conversions should be based on a rate of return on investment that is
attractive to the client. It should not be less than the interest rate the client would
have to pay if the amount of the investment had to be borrowed. For this reason,
the desired rate of return is called interest rate in conversions. Calculations also
should be based on actual or reasonable estimates of time periods. Salvage values,
for instance, should be taken as the expected return on sale or trade-in of an item
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after a specific number of years that it has been in service. Interest may be consid-
ered compounded annually.

Future Value. Based on the preceding assumptions, a sum invested at time zero
increases in time to

S =P1 + i)y (1.1)

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

i = interest rate

n = number of interest periods, years

P = sum of money invested at time zero = present worth of S

Present Worth. Solution of Eq. (1.1) for P yields the present worth of a sum
of money S at a future date:

P =S +iy (1.2)
The present worth of payments R made annually for n years is

PN
l

P = (1.3)

The present worth of the payments R continued indefinitely can be obtained from
Eq. (1.3) by making »n infinitely large:

P =~

? (1.4)

Capital Recovery. A capital investment P at time zero can be recovered in n
years by making annual payments of

i i ,
R=P1_O+D"=PL1+W_1+J (1.5)

When an item has salvage value V after n years, capital recovery R can be computed
from Eq. (1.5) by subtraction of the present worth of the salvage value from the
capital investment P.

N n i .
R=[P—-V(A +1) ][7(1+i)n_1+1:| (1.6)

Example. To illustrate the use of these formulas, an economic comparison is made
in the following for two air-conditioning units being considered for an office build-
ing. Costs are estimated as follows:

Unit 1 Unit 2
Initial cost $300,000 $500,000
Life, years 10 20
Salvage value $50,000 $100,000

Annual costs $30,000 $20,000
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Cost of operation, maintenance, repairs, property taxes, and insurance are included
in the annual costs. The present-worth method is used for the comparison, with
interest rate i = 8%.

Conversion of all costs and revenues to present worth must be based on a com-
mon service life, although the two units have different service lives, 10 and 20
years, respectively. For the purpose of the conversion, it may be assumed that
replacement assets will repeat the investment and annual costs predicted for the
initial asset. (Future values, however, should be corrected for monetary inflation.)
In some cases, it is convenient to select for the common service life the least
common multiple of the lives of the units being compared. In other cases, it may
be more convenient to assume that the investment and annual costs continue in-
definitely. The present worth of such annual costs is called capitalized cost.

For this example, a common service life of 20 years, the least common multiple
of 10 and 20, is selected. Hence, it is assumed that unit 1 will be replaced at the
end of the tenth period at a cost of $300,000 less the salvage value. Similarly, the
replacement unit will be assumed to have the same salvage value after 20 years.

The calculations in Table 1.2 indicate that the present worth of the net cost of
unit 2 is less than that for unit 1. If total cost during the twenty year period were
the sole consideration, purchase of unit 2 would be recommended.

ASTM has developed several standard procedures for making economic studies
of buildings and building systems, in addition to ASTM E917 for measuring life-
cycle costs, mentioned previously. For example, ASTM E964 is titled Practice for
Measuring Benefit-to-Cost and Savings-to-Investment Ratios for Buildings and
Building Systems. Other standards available present methods for measuring internal
rate of return, net benefits, and payback. ASTM also has developed computer pro-
grams for these calculations.

Value Analysis Procedure. In building design, value analysis generally starts with
a building system or subsystem proposed by the architect and consultants. The client
or the client’s representative appoints an interdisciplinary team to study the system
or subsystem and either recommend its use or propose a more economical alter-
native. The team coordinator sets goals and priorities for the study and may appoint
task groups to study parts of the building in accordance with the priorities. The
value analysts should follow a systematic, scientific procedure for accomplishing

TABLE 1.2 Example Comparison of Two Air-Conditioning Units

Unit 1 Unit 2
Initial investment $300,000 $500,000
Present worth of replacement cost in 10 115,800
years P — V at 8% interest [Eq.
(1.2)]
Present worth of annual cost for 20 294,540 196,360
years at 8% interest [Eq. (1.3)]
Present worth of all costs 710,340 696,360
Revenue:
Present value of salvage value after 20 10,730 21,450
years at 8% interest [Eq. (1.2)]
Net cost:

Present worth of net cost in 20 years at $699,610 $674,910
8% interest
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all the necessary tasks that comprise a value analysis. The procedure should provide
an expedient format for recording the study as it progresses, assure that consider-
ation has been given to all information, some of which may have been overlooked
in development of the proposed system, and logically resolve the analysis into
components that can be planned, scheduled, budgeted, and appraised.

The greatest cost reduction can be achieved by analysis of every component of
a building. This, however, is not practical, because of the short time usually avail-
able for the study and because the cost of the study increases with time. Hence, it
is advisable that the study concentrate on those building systems (or subsystems)
whose cost is a relatively large percentage of the total building (or system) cost,
because those components have possibilities for substantial cost reduction.

During the initial phase of value analysis, the analysts should obtain a complete
understanding of the building and its major systems by rigorously reviewing the
program, proposed design and all other pertinent information. They should also
define the functions, or purposes, of each building component to be studied and
estimate the cost of accomplishing the functions. Thus, the analysts should perform
a systems analysis, as indicated in Art. 1.2, answer the questions listed in Art 1.2
for the items to be studied, and estimate the initial and life-cycle costs of the items.

In the second phase of value analysis, the analysts should question the cost-
effectiveness of each component to be studied. Also, by use of imagination and
creative techniques, they should generate several alternative means for accomplish-
ing the required functions of the component. Then, in addition to answers to the
questions in Art. 1.2, the analysts should obtain answers to the following questions:

Do the original design and each alternative meet performance requirements?
What does each cost installed and over the life cycle?

Will it be available when needed? Will skilled labor be available?

Can any components be eliminated?

What other components will be affected by adoption of an alternative? What
will the resulting changes in the other components cost? Will there be a net
saving in cost?

In investigating the possibility of elimination of a component, the analysts also
should see if any part of it can be eliminated, if two parts or more can be combined
into one, and if the number of different sizes and types of an element can be
reduced. If costs might be increased by use of a nonstandard or unavailable item,
the analysts should consider substitution of a more appropriate alternative. In ad-
dition, consideration should be given to simplification of construction or installation
of components and to ease of maintenance and repair.

In the following phase of value analysis, the analysts should critically evaluate
the original design and alternatives. The ultimate goal should be recommendation
of the original design and alternative, whichever offers the greatest value and cost-
savings potential. The analysts also should submit estimated costs for the original
design and the alternative.

In the final phase, the analysts should prepare and submit to the client or the
client’s representative who appointed them a written report on the study and re-
sulting recommendations. Also, they should submit a workbook containing detailed
backup information.

Value engineering should start during the conceptual phase of design. Then, it
has the greatest impact on cost control and no cost is involved in making design
changes. During later design phases, design changes involve some cost, especially
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when substitution of major subsystems is involved, but the cost is nowhere near as
great as when changes are made during construction. Such changes should be
avoided if possible. Value engineering, however, should be applied to the project
specifications and construction contract. Correction of unnecessary and overcon-
servative specifications and contract provisions offers considerable potential for cost
reduction.

(E. D. Heller, “Value Management: Value Engineering and Cost Reduction,”
Addison-Wesley, Reading, Mass.; L. D. Miles, “Techniques of Value Analysis and
Engineering,” McGraw-Hill Publishing Co., New York; A Mudge, “Value Engi-
neering,” McGraw-Hill Publishing Company, New York; M. C. Macedo, P. V. Dob-
row, and J. J. O’Rourke, ‘“Value Management for Construction,” John Wiley &
Sons, Inc., New York.)

1.9 EXECUTION OF SYSTEMS DESIGN

The basic traditional design procedure (Art. 1.3), which has been widely used for
many years, and commonly used variations of it have resulted in many excellent
buildings. It needs improvement, however, because clients cannot be certain that
its use gives the best value for the money or that the required performance could
not have been attained at lower cost. The uncertainty arises because historically:

1. Actual construction costs often exceed low bids or negotiated prices, because of
design changes during construction; unanticipated delays during construction,
which increase costs; and unforeseen conditions, such as unexpectedly poor sub-
surface conditions that make excavation and foundation construction more ex-
pensive.

2. Construction, operation, or maintenance costs are higher than estimated, because
of design mistakes or omissions.

3. Separation of design and construction into different specialties leads to under-
estimated or overestimated construction costs and antagonistic relations between
designers and builders.

4. Construction costs are kept within the client’s budget at the expense of later
higher operating, maintenance, and repair costs.

5. Coordination of the output of architects and consultants is not sufficiently close
for production of an optimum building for the client’s actual needs.

One objective of systems design is to correct these defects. This can be done
while retaining the desirable features of traditional procedures, such as development
of building design in stages, with progressively more accurate cost estimates and
frequent client review. Systems design therefore should at least do the following:

1. Question the cost effectiveness of proposed building components and stimulate
generation of lower-cost alternatives that achieve the required performance. This
can be done by incorporating value engineering in systems design.

2. More closely coordinate the work of various design specialists and engage build-
ing construction and operation experts to assist in design.

3. Take into account both initial and life-cycle costs.
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4. Employ techniques that will reduce the number of design mistakes and omissions
that are not discovered until after construction starts.

Systems Design Procedure. Atticle 1.2 defines systems and explains that systems
design comprises a rational, orderly series of steps that leads to the best decision
for a given set of conditions. Article 1.2 also lists the basic components of the
procedure as analysis, synthesis, appraisal, and feedback. Following is a more for-
mal definition:

Systems design is the application of the scientific method to selection and as-
sembly of components or subsystems to form the optimum system to attain specified
goals and objectives while subject to given constraints and restrictions.

The scientific method is defined in Art. 1.8. Goals, objectives, and constraints
are discussed later.

Systems design of buildings, in addition to correcting defects in traditional de-
sign, must provide answers to the following questions:

1. What does the client actually want the building to accomplish (goals, objectives,
and associated criteria)?

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 (constraints and associated standards)?

4. What performance requirements and time and cost criteria can the client and
designers use to appraise system performance?

Collection of information necessary for design of the building starts at the in-
ception of design and may continue through the contract documents phase. Data
collection is an essential part of systems design but because it is continuous
throughout design it is not listed as one of the basic steps.

For illustrative purposes, the systems design procedure is shown resolved into
nine basic steps in Fig. 1.10. Because value analysis is applied in step 5, steps 4
through 8 covering synthesis, analysis, and appraisal may be repeated several times.
Each iteration should bring the design closer to the optimum.

In preparation for step 1, the designers should secure a building program and
information on existing conditions that will affect building design. In step 1, the
designers use the available information to define goals to be met by the system.

Goals. These state what the building is to accomplish, how it will affect the
environment and other systems, and how other systems and the environment will
affect the building. Goals should be generalized but brief statements, encompassing
all the design objectives. They should be sufficiently specific, however, to guide
generation of initial and alternative designs and control selection of the best alter-
native.

A simple example of a goal is: Design a branch post-office building with 100
employees to be constructed on a site owned by the client. The building should
harmonize with neighboring structures. Design must be completed within 90 days
and construction within 1 year. Construction cost is not to exceed $500,000.

When systems design is applied to a subsystem, goals serve the same purpose
as for a system. They indicate the required function of the subsystem and how it
affects and is affected by other systems.

Objectives. With the goals known, the designers can advance to step 2 and
define the system objectives. These are similar to goals but supply in detail the
requirements that the system must satisfy to attain the goals.
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In listing objectives, the designers may start with broad generalizations that they
later develop at more detailed levels to guide design of the system. Some objectives,
such as minimization of initial costs, life-cycle costs and construction time, should
be listed. Other objectives that apply to the design of almost every building, such
as the health, safety, and welfare objectives of the building, zoning, and Occupa-
tional Safety and Health Administration regulations, are too numerous to list and
may be adopted by reference. Objectives should be sufficiently specific to guide
the planning of building interior spaces and selection of specific characteristics for
the building and its components: appearance, strength, durability, stiffness, opera-
tional efficiency, maintenance, and fire resistance. Also, objectives should specify
the degree of control needed for operation of systems provided to meet the other
objectives.

At least one criterion must be associated with each objective. The criterion is a
range of values within which the performance of the system must lie for the ob-
jective to be met. The criterion should be capable of serving as a guide in evalu-
ations of alternative systems. For example, for fire resistance of a wall, the criterion
might be 2-hr fire rating.

In addition to establishing criteria, the designers should weight the objectives in
accordance with the relative importance of the objectives to the client (Art. 1.8).
These weights should also serve as guides in comparisons of alternatives.

System Constraints. In step 2 of systems design, the designers should also
define constraints on the system. Constraints are restrictions on the values of design
variables that represent properties of the system and are controllable by the de-
signers. Designers are seldom completely free to choose any values desired for
controllable variables because of various restrictions, which may be legal ones such
as building or zoning code requirements, or may be economic, physical, chemical,
temporal, psychological, sociological, or esthetic requirements. Such restrictions
may fix the values of the controllable variables or establish a range in which they
must lie.

At least one standard must be associated with each constraint. A standard is a
value or range of values governing a property of the system. The standard speci-
fying a fixed value may be a minimum or maximum value.

For example, a designer may be seeking to determine the thickness of a load-
bearing brick wall. The local building code may state that such a wall may not be
less than 8 in thick. This requirement is a minimum standard. The designer may
then select a wall thickness of 8 in or more. The requirements of other systems,
however, may indicate that the wall thickness may not exceed 16 in. This is a
maximum standard. Furthermore, bricks may be available only in nominal widths
of 4 in. Hence, the constraints limit the values of the controllable variable, in this
case wall thickness, to 8, 12, or 16 in.

Synthesis. In step 3, the designers must conceive at least one system that sat-
isfies the objectives and constraints. For this, they rely on their past experience,
knowledge, imagination, and creative skills and on advice from consultants, in-
cluding value engineers, construction experts, and experienced operators of the type
of facilities to be designed.

In addition, the designers should select systems that are cost-effective and can
be erected speedily. To save design time in selection of a system, the designers
should investigate alternative systems in a logical sequence for potential for achiev-
ing optimum results. The following is a possible sequence:

1. Selection of an available industrialized building, a system that is preassembled
in a factory. Such a system is likely to be low cost, because of the use of mass-



BUILDING SYSTEMS 1.33

production techniques and factory wages, which usually are lower than those
for field personnel. Also, the quality of materials and construction may be better
than for custom-built structures, because of assembly under controlled conditions
and close supervision.

2. Design of an industrialized building (if the client needs several of the same type
of structure).

3. Assembling a building with prefabricated components or systems. This type of
construction is similar to that used for industrialized buildings except that the
components preassembled are much smaller parts of the building system.

4. Specification of as many prefabricated and standard components as feasible.
Standard components are off-the shelf items, readily available from building
supply companies.

5. Repetition of the same component as many times as possible. This may permit
mass production of some nonstandard components. Also, repetition may speed
construction, because field personnel will work faster as they become familiar
with the components.

6. Design of components for erection so that building trades will be employed on
the site continuously. Work that compels one trade to wait for completion of
work by another trade delays construction and is costly.

Models. In step 4, the designers should represent the system by a model that
will enable them to analyze the system and evaluate its performance. The model
should be simple, consistent with the role for which it is selected, for practical
reasons. The cost of formulating and using the model should be negligible com-
pared with the cost of assembling and testing the actual system.

For every input to a system, there must be a known, corresponding input to the
model such that the responses (output) of the model to that input are determinable
and correspond to the response of the system to its input. The correlation may be
approximate but nevertheless close enough to serve the purposes for which the
model is to be used. For example, for cost estimates during the conceptual phase
of design, use may be made of a cost model that yields only reasonable guesses of
construction costs. The cost model used in the contract documents phase, however,
should be accurate.

Models may be classified as iconic, symbolic, or analog. The iconic type may
be the actual system or a part of it or merely bear a physical resemblance to the
actual system. This type is often used for physical tests of performance, such as
load or wind-tunnel tests or adjustments of controls. Symbolic models represent
by symbols the input and output of a system and are usually amenable to mathe-
matical analysis of a system. They enable relationships to be generally, yet com-
pactly, expressed, are less costly to develop and use than other types of models,
and are easy to manipulate. Analog models are real systems but with physical
properties different from those of the actual system. Examples include dial watches
for measuring time, thermometers for measuring heat changes, slide rules for mul-
tiplying numbers, flow of electric current for measuring heat flow through a metal
plate, and soap membranes for measuring torsion in an elastic shaft.

Variables representing input and properties of a system may be considered in-
dependent variables. These are of two types:

1. Variables that the designers can control or constraints: x, X,, X5, . . .
2. Variables that are uncontrollable: y,, y,, v, . . .
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Variables representing system output or performance may be considered dependent
variables: z,, z,, 23 - . -

The dependent variables are functions of the independent variables. These func-
tions also contain parameters, which can be adjusted in value to calibrate the model
to the behavior of the actual system.

Step 4 of systems design then may be resolved into four steps, as indicated in
Fig. 1.10:

1. Select and calibrate a model to represent the system for optimization and ap-
praisal.

2. Estimate values for the uncontrollable, independent variables.
. Determine values for the controllable variables.

w

4. Determine the output or performance of the system from the relationship of
dependent and independent variables by use of the model.

Cost Models. As an example of the use of models in systems design, consider
the following cost models:

C=Ap (1.7)

where C = construction cost of building
A = floor area, ft?, in the building
p = unit construction cost, dollars per square foot

This is a symbolic model applicable only in the early stages of design when systems
and subsystems are specified only in general form. Both A and p are estimated,
usually on the basis of past experience with similar types of buildings.

C = SAp, (1.8)

where A; = convenient unit of measurement for the ith system
p; = cost per unit for the ith system

This symbolic cost model is suitable for estimating building construction cost in
preliminary design stages after types of major systems have been selected. Equation
(1.8) gives the cost as the sum of the cost of the major systems, to which should
be added the estimated costs of other systems and contractor’s overhead and profit.
A; may be taken as floor or wall area, square feet, pounds of steel, cubic yards of
concrete, or any other applicable parameter for which the unit cost may be reason-
ably accurately estimated.

C = ZAp; 1.9)

where A; = convenient unit of measurement for the jth subsystem
p; = cost per unit for the jth subsystem

This symbolic model may be used in the design development phase and later after
components of the major systems have been selected and greater accuracy of the
cost estimate is feasible. Equation (1.9) gives the construction cost as the sum of
the costs of all the subsystems, to which should be added contractor’s overhead
and profit.

For more information on cost estimating, see Sec. 19.
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Optimization. The objective of systems design is to select the single best sys-
tem for a given set of conditions, a process known as optimization. When more
than one property of the system is to be optimized or when there is a single char-
acteristic to be optimized but it is nonquantifiable, an optimum solution may or
may not exist. If it does exist, it may have to be found by trial and error with a
model or by methods such as those described in Art. 1.8.

When one characteristic, such as construction cost, of a system is to be opti-
mized, the criterion may be expressed as

Optimize z, = f,(X;, X, X35 - - - V1> Y2 V35 - - =) (1.10)

where z, = dependent variable to be maximized or minimized

x = controllable variable, identified by a subscript
y = uncontrollable variable, identified by a subscript
f, = objective function

Generally, however, there are restrictions on values of the independent variables.
These restrictions may be expressed as

Filx, X0 X35 oo o Y Y2r V3o - - ) =0
Folxys X0 X35 oo o Y1 Vo V3 .. 0) =0 (1.11)

Fulxis Xos X35 o o Y15 Y2y ¥3s - - ) =0

Simultaneous solution of Egs. (1.10) and (1.11) yields the optimum values of the
variables. The solution may be obtained by use of such techniques as calculus,
linear programming, or dynamic programming depending on the nature of the var-
iables and the characteristics of the equations.

Direct application of Eqgs. (1.10) and (1.11) to a whole building, its systems,
and its larger subsystems usually is impractical, because of the large number of
variables and the complexity of their relationships. Hence optimization generally
has to be attained in a different way, generally by such methods as suboptimization
or simulation.

Systems with large numbers of variables may sometimes be optimized by a
process called simulation, which involves trial and error with the actual system or
a model. In simulation, the properties of the system or model are adjusted with a
specific input or range of inputs to the system, and outputs or performance are
measured until an optimum result is obtained. When the variables are quantifiable
and models are used, the solution usually can be expedited by use of computers.
The actual system may be used when it is available and accessible and changes in
it will have little or no effect on construction costs. For example, after installation
of air ducts, an air-conditioning system may be operated for a variety of conditions
to determine the optimum damper position for control of airflow for each condition.

Suboptimization is a trial-and-error process in which designers try to optimize
a system by first optimizing its subsystems. It is suitable when components influ-
ence each other in series. For example, consider a structural system consisting only
of roof, columns, and footings. The roof has a known load (input), exclusive of its
own weight. Design of the roof affects the columns and footings, because its output
equals the load on the columns. Design of the columns loads only the footings.
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Design of the footings, however, has no effect on any of the other structural com-
ponents. Therefore, the structural components are in series and they may be de-
signed by suboptimization to obtain the minimum construction cost or least weight
of the system.

Suboptimization of the system may be achieved by first optimizing the footings,
for example, designing the lowest-cost footings. Next, the design of both the col-
umns and the footings should be optimized. (Optimization of the columns alone
will not yield an optimum structural system, because of the effect of the column
weight on the footings.) Finally, roof, columns, and footings together should be
optimized. (Optimization of the roof alone will not yield an optimum structural
system, because of the effect of its weight on columns and footings. A low-cost
roof may be very heavy, requiring costly columns and footings, whereas the cost
of a lightweight roof may be so high as to offset any savings from less-expensive
columns and footings. An alternative roof may provide optimum results.)

Appraisal. In step 5 of systems design, the designers should evaluate the results
obtained in step 4, modeling the system and applying the model. The designers
should verify that construction and life-cycle costs will be acceptable to the client
and that the proposed system satisfies all objectives and constraints.

During the preceding steps, value analysis may have been applied to parts of
the building. In step 6, however, value analysis should be applied to the whole
building system. This process may result in changes only to parts of the system,
producing a new system, or several alternatives to the original design may be pro-
posed. In steps 7 and 8, therefore, the new systems, or at least those with good
prospects, should be modeled and evaluated. During and after this process, com-
pletely different alternatives may be conceived. As a result, steps 4 through 8 should
be repeated for the new concepts. Finally, in step 9, the best of the systems studied
should be selected.

(R. J. Aguilar, “Systems Analysis and Design in Engineering, Architecture Con-
struction and Planning,” Prentice-Hall, Inc., Englewood Cliffs, N.J.: R. L. Ackoff
and M. W. Saseini, “Fundamentals of Operations Research,” John Wiley & Sons,
Inc., New York; K. I. Majid, “Optimum Design of Structures,” Halsted Press/Wiley,
New York; E. J. McCormick, “Human Factors in Engineering,” McGraw-Hill Pub-
lishing Company, New York; F. S. Merritt and J. A. Ambrose, “Building Engi-
neering and Systems Design,” 2nd Ed., Van Nostrand Reinhold, New York; R.
DeNeufville and J. H. Stafford, “Systems Analysis for Engineers and Managers,”
McGraw-Hill Publishing Company, New York; L. Spunt, “Optimum Structural De-
sign,” Prentice-Hall, Englewood Cliffs, N.J.)

1.10 BUILDING CODES

Many of the restrictions encountered in building design are imposed by legal reg-
ulations. While all must be met, those in building codes are the most significant
because they affect almost every part of a building.

Building codes are established under the police powers of a state to protect the
health, welfare, and safety of communities. A code is administered by a building
official of the municipality or state that adopts it by legislation. Development of a
local code may be guided by a model code, such as those promulgated by the
International Conference of Building Officials, Inc., Building Officials and Code
Administrators International, Inc., and Southern Building Code Congress Interna-
tional, Inc.
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In general, building-code requirements are the minimum needed for public pro-
tection. Design of a building must satisfy these requirements. Often, however, ar-
chitects and engineers must design more conservatively, to meet the client’s needs,
produce a more efficient building system, or take into account conditions not cov-
ered fully by code provisions.

Construction drawings for a building should be submitted to the building-code
administrator before construction starts. If the building will meet code requirements,
the administrator issues a building permit, on receipt of which the contractor may
commence building. During construction, the administrator sends inspectors peri-
odically to inspect the work. If they discover a violation, they may issue an order
to remove it or they may halt construction, depending on the seriousness of the
violation. On completion of construction, if the work conforms to code require-
ments, the administrator issues to the owner a certificate of occupancy.

Forms of Codes. Codes often are classified as specifications type or performance
type. A specification-type code names specific materials for specific uses and spec-
ifies minimum or maximum dimensions, for example, “a brick wall may not be
less than 6 in thick.” A performance-type code, in contrast, specifies required per-
formance of a construction but leaves materials, methods, and dimensions for the
designers to choose. Performance-type codes are generally preferred, because they
give designers greater design freedom in meeting clients’ needs, while satisfying
the intent of the code. Most codes, however, are neither strictly specifications nor
performance type but rather a mixture of the two. The reason for this is that in-
sufficient information is currently available for preparation of an entire enforceable
performance code.

The organization of building codes varies with locality. Generally, however, they
consist of two parts, one dealing with administration and enforcement and the other
specifying requirements for design and construction in detail.

Part 1 usually covers licenses, permits, fees, certificates of occupancy, safety,
projections beyond street lines, alterations, maintenance, applications, approval of
drawings, stop-work orders, and posting of buildings to indicate permissible live
loads and occupant loads.

Part 2 gives requirements for structural components, lighting, HVAC, plumbing,
gas piping and fixtures, elevators and escalators, electrical distribution, stairs, cor-
ridors, walls, doors, and windows. This part also defines and sets limits on occu-
pancy and construction-type classifications. In addition, the second part contains
provisions for safety of public and property during construction operations and for
fire protection and means of egress after the building is occupied.

Many of the preceding requirements are adopted by reference in the code from
nationally recognized standards or codes of practice. These may be promulgated
by agencies of the federal government or by such organizations as the American
National Standards Institute, ASTM, American Institute of Steel Construction,
American Concrete Institute, and American Institute of Timber Construction.

Code Classifications of Buildings. Building codes usually classify a building in
accordance with the fire zone in which it is located, the type of occupancy, and the
type of construction, which is an indication of the fire protection offered.

The fire zone in which a building is located may be determined from the com-
munity’s fire-district zoning map. The building code specifies the types of construc-
tion and occupancy groups permitted or prohibited in each fire zone.

The occupancy group to which a building official assigns a building depends
on the use to which the building is put. Typical classifications include one- and
two-story dwellings; apartment buildings, hotels, dormitories; industrial buildings
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with noncombustible, combustible, or hazardous contents; schools; hospitals and
nursing homes; and places of assembly, such as theaters, concert halls, auditoriums,
and stadiums.

Type of construction of a building is determined, in general, by the fire ratings
assigned to its components. A code usually establishes two major categories: com-
bustible and noncombustible construction. The combustible type may be subdivided
in accordance with the fire protection afforded major structural components and the
rate at which they will burn; for example, heavy timber construction is considered
slow-burning. The noncombustible type may be subdivided in accordance with the
fire-resistive characteristics of components.

Building codes may set allowable floor areas for fire-protection purposes. The
limitations depend on occupancy group and type of construction. The purpose is
to delay or prevent spread of fire over large portions of the building. For the same
reason, building codes also may restrict building height and number of stories. In
addition, to permit rapid and orderly egress in emergencies, such as fire, codes limit
the occupant load, or number of persons allowed in a building or room. In accord-
ance with permitted occupant loads, codes indicate the number of exits of adequate
capacity and fire protection that must be provided.

1.11 ZONING CODES

Like building codes, zoning codes are established under the police powers of the
state, to protect the health, welfare, and safety of the public. Zoning, however,
primarily regulates land use by controlling types of occupancy of buildings, building
height, and density and activity of population in specific parts of a jurisdiction.

Zoning codes are usually developed by a planning commission and administered
by the commission or a building department. Land-use controls adopted by the
local planning commission for current application are indicated on a zoning map.
It divides the jurisdiction into districts, shows the type of occupancy, such as com-
mercial, industrial, or residential, permitted in each district, and notes limitations
on building height and bulk and on population density in each district.

The planning commission usually also prepares a master plan as a guide to the
growth of the jurisdiction. A future land-use plan is an important part of the master
plan. The commission’s objective is to steer changes in the zoning map in the
direction of the future land-use plan. The commission, however, is not required to
adhere rigidly to the plans for the future. As conditions warrant, the commission
may grant variances from any of the regulations.

In addition, the planning commission may establish land subdivision regulations,
to control development of large parcels of land. While the local zoning map spec-
ifies minimum lot area for a building and minimum frontage a lot may have along
a street, subdivision regulations, in contrast, specify the level of improvements to
be installed in new land-development projects. These regulations contain criteria
for location, grade, width, and type of pavement of streets, length of blocks, open
spaces to be provided, and right of way for utilities.

A jurisdiction may also be divided into fire zones in accordance with population
density and probable degree of danger from fire. The fire-zone map indicates the
limitations on types of construction that the zoning map would otherwise permit.

In the vicinity of airports, zoning may be applied to maintain obstruction-free
approach zones for aircraft and to provide noise-attenuating distances around the
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airports. Airport zoning limits building heights in accordance with distance from
the airport.

Control of Building Height. Zoning places limitations on building dimensions to
limit population density and to protect the rights of occupants of existing buildings
to light, air, and esthetic surroundings. Various zoning ordinances achieve these
objectives in a variety of ways, including establishment of a specific maximum
height or number of stories, limitation of height in accordance with street width,
setting minimums for distances of buildings from lot lines, or relating total floor
area in a building to the lot area or to the area of the lot occupied by a building.
Applications of some of these limitations are illustrated in Fig. 1.11.

Figure 1.11a shows a case where zoning prohibits buildings from exceeding 12
stories or 150 ft in height. Figure 1.11) illustrates a case where zoning relates
building height to street width. In this case, for the specific street width, zoning
permits a building to be erected along the lot boundary to a height of six stories
or 85 ft. Greater heights are permitted, however, so long as the building does not
penetrate sky-exposure planes. For the case shown in Fig. 1.11b, these planes start
at the lot line at the 85-ft height and incline inward at a slope of 3:1. Some zoning
codes will permit the upper part of the building to penetrate the planes if the floor
area of the tower at any level does not exceed 40% of the lot area and the ratio of
floor area to lot area (floor-area ratio) of the whole building does not exceed 15.
To maximize the floor area in the building and maintain verticality of exterior walls,
designers usually set back the upper parts of a building in a series of steps (Fig.
1.11b).

Some zoning ordinances, however, permit an alternative that many designers
prefer. If the building is set back from the lot lines at the base to provide a street-
level plaza, which is a convenience to the public and reduces building bulk, zoning

MAX, HEIGHT
12 STORIES
OR 150
MAX. HEIGHT
6 STORIES
/0? 85 PLAZA
\
LOT LINE LOT LINE LOT LINE LOT LINE LOT LINE {oT LINE

(a) (b} (c)

FIGURE 1.11 Examples of limitations placed by zoning codes on building height: (@) height
limitations for buildings constructed along lot boundaries; (b) setbacks required by a 3:1 sky
exposure plane; (c) height of a sheet tower occupying only part of a lot is limited by the total
floor area permitted. (Reprinted with permission from F. S. Merritt and J. Ambrose, “Building
Engineering and Systems Design,” 2d ed., Van Nostrand Reinhold, New York.)
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permits the building to be erected as a sheer tower (Fig. 1.11¢). The code may set
a maximum floor-area ratio of 15 or 18, depending on whether the floor area at
any level of the tower does not exceed 50 or 40%, respectively, of the lot area.

1.12 OTHER REGULATIONS

In addition to building and zoning codes, building design and construction must
comply with many other regulations. These include those of the local or state health,
labor, and fire departments; local utility companies; and local departments of high-
ways, streets, sewers, and water. These agencies may require that drawings for the
building be submitted for review and that a permit be granted before construction
starts.

Also, building construction and conditions in buildings after completion must
comply with regulations of the U.S. Occupational Safety and Health Administration
(OSHA) based on the Occupational Safety and Health Act originally passed by
Congress in 1970. There is, however, no provision in this law for reviewing building
plans before construction starts. OSHA usually inspects buildings only after an
accident occurs or a complaint has been received. Therefore, building owners, de-
signers, and contractors should be familiar with OSHA requirements and enforce
compliance with them.

Other government agencies also issue regulations affecting buildings. For ex-
ample, materials used in military construction must conform with federal specifi-
cations. Another example: Buildings must provide access and facilities for disabled
persons, in accordance with requirements of the Americans with Disabilities Act
(ADA).

[“Construction Industry: OSHA Safety and Health Standards (29CFR 1926/
1910),” Superintendent of Documents, Government Printing Office, Washington,
D.C. 20401; “ADA Compliance Guidebook,” Building Owners and Managers As-
sociation International,” 1201 New York Ave., N.W., Washington, D.C. 20005.]

1.13 SYSTEMS DESIGN BY TEAM

For efficient and successful execution of systems, design of buildings, a design
organization superior to that used for traditional design (Art. 1.3) is highly desirable.
For systems design, the various specialists required should form a building team,
to contribute their skills in concert.

One reason why the specialists should work closely together is that in systems
design account must be taken of the effects of each component on the performance
of the building and of the interaction of building components. Another reason is
that for cost effectiveness, unnecessary components should be eliminated and,
where possible, two or more components should be combined. When the compo-
nents are the responsibility of different specialists, these tasks can be accomplished
with facility only when the specialists are in direct and immediate communication.

In addition to the design consultants required for traditional design, the building
team should be staffed with value engineers, cost estimators, construction experts,
and building operators and users experienced in operation of the type of building
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to be constructed. Because of the diversity of skills present on such a team, it is
highly probable that all ramifications of a decision will be considered and chances
for mistakes and omissions will be reduced. See also Sec. 2.

(W. W. Caudill, “Architecture by Team,” and F. S. Merritt and J. Ambrose,
“Building Engineering and Systems Design,” 2nd Ed., Van Nostrand Reinhold,
New York.)

1.14 PROJECT PEER REVIEW

The building team should make it standard practice to have the output of the various
disciplines checked at the end of each design step and especially before incorpo-
ration in the contract documents. Checking of the work of each discipline should
be performed by a competent practitioner of that discipline other than the original
designer and reviewed by principals and other senior professionals. Checkers should
seek to ensure that calculations, drawings, and specifications are free of errors,
omissions, and conflicts between building components.

For projects that are complicated, unique, or likely to have serious effects if
failure should occur, the client or the building team may find it advisable to request
a peer review of critical elements of the project or of the whole project. In such
cases, the review should be conducted by professionals with expertise equal to or
greater than that of the original designers, that is, by peers; and they should be
independent of the building team, whether part of the same firm or an outside
organization. The review should be paid for by the organization that requests it.
The scope may include investigation of site conditions, applicable codes and gov-
ernmental regulations, environmental impact, design assumptions, calculations,
drawings, specifications, alternative designs, constructibility, and conformance with
the building program. The peers should not be considered competitors or replace-
ments of the original designers, and there should be a high level of respect and
communication between both groups. A report of the results of the review should
be submitted to the authorizing agency and the leader of the building team.

(““The Peer Review Manual,” American Consulting Engineers Council, 1015
15th St., NW, Washington, D.C. 20005, and ‘“‘Peer Review, a Program Guide for
Members of the Association of Soil and Foundation Engineers,” ASFE, Silver
Spring, MD.)

1.15 APPLICATION OF SYSTEMS DESIGN

Systems design may be used profitably in all phases of building design. Systems
design, however, is most advantageous in the early design stages. One system may
be substituted for another, and components may be eliminated or combined in those
stages with little or no cost.

Systems design should be preferably applied in the contract documents stage
only to the details being worked out then. Major changes are likely to be costly.
Value analysis, though, should be applied to the specifications and construction
contract, because such studies may achieve significant cost savings.
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Systems design should be applied in the construction stage only when design is
required because of changes necessary in plans and specifications at that time. Time
available at that stage, however, may not be sufficient for thorough studies. Nev-
ertheless, value analysis should be applied to the extent feasible.

(F. S. Merritt and J. Ambrose, “Building Engineering and Systems Design,” 2nd
Ed., Van Nostrand Reinhold, New York.)
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Since the beginning of time, mankind has been involved in the business of building.
Technology and construction methods continually evolve: from the Egyptian post
and lintel system, the Greek pediment, the Roman arch and dome, the Byzantine
basilica, and the new Renaissance perspective to the School of the Bauhaus and
the International Style leading us into modern times and the new millennium. Over
time, societies change, construction methods change, clients change, and the ar-
chitect’s tools change; however, the excitement and energy inherent in the building
process does not change, because of one factor only—the process itself. To begin
this process, two elements are necessary: an idea and a client. Creative minds then
carry the process forward. With the idea comes the development of a building
concept. A sketch or drawing, created through personal interaction with the client,
develops the vocabulary for the physical construction of the concept. A builder and
labor force turn the concept into reality.

Many processes have been used to manage this interaction. Continual evolution
of the management process has turned it into an independent discipline which,
coupled with the computer, is a major focus of the building industry today. From
the beginning, individuals generating the concepts, preparing drawings, and building
the project were considered part of what we now call the “service industry.” This
section outlines the various complex components and professionals involved in the
building process with respect primarily to the architectural profession. Despite the
changes that have occurred, the basics of the building team and the building process
remain unchanged.

2.1
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2.1 PROFESSIONAL AND BUSINESS
REQUIREMENTS OF ARCHITECTS AND
ENGINEERS

Management of the building process is best performed by the individuals educated
and trained in the profession, that is, architects and engineers. While the laws of
various states and foreign countries differ, they are consistent relative to the reg-
istration requirements for practicing architecture. No individual may legally indicate
to the public that he or she is entitled to practice as an architect without a profes-
sional certificate of registration as an architect registered in the locale in which the
project is to be constructed. This individual is the registered architect. In addition
to the requirements for individual practice of architecture, most states and countries
require a certificate of registration for a single practitioner and a certificate of au-
thorization for an entity such as a corporation or partnership to conduct business
in that locale.

An architect is a person who is qualified by education, training, experience, and
examination and who is registered under the laws of the locale to practice archi-
tecture there. The practice of architecture within the meaning and intent of the law
includes:

Offering or furnishing of professional services such as environmental analysis,
feasibility studies, programming, planning, and aesthetic and structural design

Preparation of construction documents, consisting of drawings and specifica-
tions, and other documents required in the construction process

Administration of construction contracts and project representation in connec-
tion with the construction of building projects or addition to, alteration of, or
restoration of buildings or parts of building

All documents intended for use in construction are required to be prepared and
administered in accordance with the standards of reasonable skill and diligence of
the profession. Care must be taken to reflect the requirements of country and state
statutes and county and municipal building ordinances. Inasmuch as architects are
licensed for the protection of the public health, safety, and welfare, documents
prepared by architects must be of such quality and scope and be so administered
as to conform to professional standards.

Nothing contained in the law is intended to prevent drafters, students, project
representatives, and other employees of those lawfully practicing as registered
architects from acting under the instruction, control, or supervision of their employ-
ers, or to prevent employment of project representatives from acting under the
immediate personal supervision of the registered architect who prepared the
construction documents.

2.2 CLIENT OBJECTIVES FOR BUILDINGS

Building types, time schedules, building attitudes, and legal and economic condi-
tions affect relations with the four major client types for whom an architect may
provide services. These are known as the traditional, developer, turnkey, and design/
build client base.

Traditional client is usually an individual or organization building a one-time
project with no in-house building expertise. The client, however, possesses the
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innate excitement for the process of witnessing the transformation of plans into the
built environment and seeks an architect to assert control of the process. In most
cases, this includes the architect’s definition of the client’s space needs, program
and physical plant requirements. A more sophisticated traditional client might be a
large corporation, university or other institutional entity that may or may not have
an architect on staff, but still looks to a selected architect to guide the development
process. In this case, the client may have more input into the client’s program
definition based on the in-house capabilities. In both cases, the architect plays the
lead role in the management process and normally provides programming, design,
construction documents, bidding, and characteristic administration in the role of the
traditional architect.

Developer client offers building process management that reduces some of the
architect’s management role in managing the overall project and provides alternative
methods for approaching design and construction. Development processes such as
scope documentation, fast track, and bid packages are construction methodologies
resulting from the developer client’s need to accelerate the total process due to
fluctuating interest rates and the need to be first in providing space in the market-
place. Through this client base the acceptance of a construction consultant as a
necessary part of the design team evolved. The construction consultant enables
accelerated schedules to be met, provides for the compression of time, and allows
a contractor to be selected by the client to build while the architect is still designing.

Turnkey client is interchangeable with the design/build client in concept. Both
are based on a complete project being turned over to the owner by a single entity
that is responsible for designing and constructing the project. The owner has little
input in the process until it is turned over. The turnkey developer or contractor
employs the services of an architect, or has an on-staff registered architect, who
designs the project in accordance with the owner’s program requirements. Bids are
usually taken on turnkey developer designs and cost proposals to meet these re-
quirements. Once a turnkey developer is selected, the owner may sell the property
to the developer or authorize its purchase from a third party under option. From
this point forward the owner has little or no participation in the project; the devel-
oper is the turnkey client of an externally employed architect. The architect is then
working on the developer team and is not an independent voice for the real owner.
All decisions are then made by the turnkey developer relative to the architect’s
services.

Design/build client also has the architect on the developer team and not per-
forming services for the owner. Designers/builders offer to design and construct a
facility for a fixed lump-sum price. They bid competitively to provide this service
or provide free design services prior to commitment to the project and as a basis
for negotiation. Their design work is not primarily aimed at cost-performance trade-
offs, but at reduced cost for acceptable quality.

The design/build approach to facilities is best employed when the owner re-
quires a relatively straightforward building and does not want to participate in
detailed decision making regarding the various building systems and materials. This
does not mean that the owner has no control over these items. On the contrary, the
owner is often permitted a wide range of selection. But the range of choices is
affected by the fixed-cost restraints imposed by the designer/builder and accepted
by the owner. When the facilities required are within the range of relatively standard
industry-wide prototypes, this restriction may have little significance.

A common misconception regarding design/build is that poor-quality work in-
evitably results. While there is a general benefit to the builder for reductions in
material and labor costs, the more reputable designer/builder may be relied on to
deliver a building within acceptable industry standards. Facilities where higher-



2.4 SECTION TWO

quality systems, more sensitive design needs, or atypical technical requirements
occur deserve the services of an independent design professional.

2.3 PROGRAM DEFINITION

Usually when the term “program definition” is used relative to an architect, it is
understood to mean the client’s program for physical space requirements in a build-
ing. With the decline in the office market in the late 1980s came the loss of, or
minimum use of, the traditional developer and construction management/construc-
tion consultant roles. As an outgrowth of the developer client era, certain developers
and construction consultants turned their emphasis to ‘“program management.” In
this process, a firm is engaged by the client to manage the total development pro-
cess, acting as the client’s agent throughout the total process. The program man-
agement approach expanded the meaning of the word “‘program” beyond that nor-
mally associated with only the physical space program requirements. The term
“program” in this new context defines the process of organizing and executing a
project from inception to completion. This process takes into account legal, finan-
cial, funding, land acquisition, architecture, engineering, specialist consulting, de-
sign administration, insurance, construction administration, and facilities operation
and/or management. The client, instead of managing portions of the process as in
the traditional client and developer client scenarios, looks to one firm for managing
the total process.

2.4 ORGANIZATION OF THE BUILDING TEAM

Architecture is a process involving multidisciplinary input by many professionals.
Comprehensive design services in the professional disciplines of planning, archi-
tecture, landscape architecture, interior design, and civil, structural, mechanical,
electrical, plumbing, and fire protection engineering are offered within one orga-
nization by some large architect-engineer (A/E) and engineer-architect (E/A) firms.
Smaller architectural firms retain these services by contract with consultants. Single-
source design responsibility, coordinated via a common, integrated management
structure, is a requirement in either case for successful development of a project.
In the performance of professional A/E services on any project, a design team
charged with successful completion of the project in a dedicated professional man-
ner is essential. This team provides continuous service to the project from start to
finish, establishing and maintaining the quality and integrity of each design. A
project leader should be selected to coordinate and manage all the professional
disciplines and consultants involved in the project and to act as liaison with the
client. This leader should work closely with the client to provide policy direction
and set goals and objectives for the professional team. Day-to-day management and
direction of the project’s technical development should be provided by an individ-
ual, usually identified as the architect’s project manager, who performs the key
administrative duties, establishes and maintains design services budgets and sched-
ules, and coordinates the entire A/E effort. A senior designer supervises daily
organization and progress of design development and directs the design efforts of
the project team. As a project’s specific needs or schedule require, additional
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architects, planners, engineers, interior architects, and consultants are involved in
the project to augment the team or to provide specialized consultation.

2.4.1 Architects and Engineering Consultants

The major distinctions between architects and engineers run along generalist and
specialist lines. The generalists are ultimately responsible for the overall planning.
It is for this reason that an architect is generally employed as the prime professional
by a client. On some special projects, such as dams, power plants, wastewater
treatment, and research or industrial installations, where one of the engineering
specialties becomes the predominant feature, a client may select an engineering
professional or an E/A firm to assume responsibility for design and construction
and taken on the lead role. On certain projects, it is the unique and imaginative
contribution of the engineer that may make the most significant total impact on the
architectural design. The overall strength of a dynamic, exposed structure, the so-
phistication of complex lighting systems, or the quiet efficiency of a well-designed
mechanical system may prove to be the major source of the client’s pride in a
facility. In any circumstance, the responsibilities of the professional engineer for
competence and contribution are just as important to the project as those of the
architect.

Engineers, for example, play a major role in intelligent building system design,
which involves mechanical-electrical systems. However, a building’s intelligence is
also measured by the way it responds to people, both on the inside and outside.
The systems of the building must meet the functional needs of the occupants as
well as respect the human response to temperature, humidity, airflow, noise, light,
and air quality. To achieve the multifaceted goals, an intelligent building requires
an intelligent design process with respect to design and system formulation as well
as efficient and coordinated execution of design and technical documentation within
the management structure.

An intelligent building begins with intelligent architecture—the shape, the build-
ing enclosure, and the way the building appears and functions. Optimal building
solutions can be achieved through a design process that explores and compares
varying architectural and engineering options in concert. Sophisticated visualization
and analytical tools using three-dimensional computer modeling techniques permit
architects and engineers to rapidly evaluate numerous alternatives. Options can be
carefully studied both visually and from a performance standpoint, identifying en-
ergy and life-cycle cost impact. This enables visualization and technical evaluation
of multiple schemes early in the design phase, setting the basis for an intelligent
building.

In all cases, the architect’s or engineer’s legal responsibilities to the client remain
firm. The prime professional is fully responsible for the services delivered. The
consultants, in turn, are responsible to the architect or engineer with whom they
contract. Following this principle, the architect or engineer is responsible to clients
for performance of each consultant. Consequently, it is wise for architects and
engineers to evaluate their expertise in supervising others before retaining consult-
ants in other areas of responsibility.

2.4.2 Other Consultants

A building team may require the assistance of specialists. These specialty consult-
ants provide skills and expertise not normally found in an architectural or engi-
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neering firm. The prime professional should define the consultants required and
assist the client in selecting those consultants. The architect or engineer should
define and manage their services even if the specialty consultant contracts directly
with the client for liability purposes, with the understanding that the client has the
ultimate say in decision making.

While several consultants may be required, depending on the complexity of the
project, the cost for each may be minimal since their services are provided over
short periods of time during the development process, and all consultants are usually
not servicing the project at the same time. The following consultant services, most
of which are not normally provided by architects and engineers, are provided by
various firms:

* Acoustical

* Audiovisual

* Communications

» Exterior wall maintenance
e Fire and life safety

* Food service

* Geotechnical engineering and subsurface exploration
* Graphics

* Space-usage operations

¢ Independent research and testing
e Landscaping

* Marketing and leasing

e Materials handling

e Parking

* Preconstruction survey

* Schedule

* Security

e Site surveyor

* Special foundation systems
* Special structures

* Specialty lighting

* Telecommunications

e Traffic

 Vertical transportation

* Water features

* Wind tunnel testing

2.5 CLIENT-A/E AGREEMENT

Although verbal contracts can be considered legal, a formal written document is
the preferred way to contract for professional services to be provided by an archi-
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tect. Purchase orders are not an acceptable means, since they are not applicable to
a service arrangement but rather only provide a financial accounting system for
purchasing a product, which is normally required internally by a client. A purchase
order should not be used as a client-A/E agreement.

Most professionals use the AIA Standard Form of Agreement for Architect and
Owner (client). Some larger firms, however, have their own form of agreement
which augments or further defines that of the AIA. The basic elements of the
agreement establish the definition and identification of project phases and define
the specific scope and compensation for the architect’s basic services. Flexibility is
built into this agreement to accommodate supplementary services that may be con-
sidered. In addition, the agreement should define the understandings of the two
parties as well as of any third parties that may be involved in the process and
stipulate how the third parties are to be managed and compensated.

Furthermore, the client-A/E agreement should define items considered as direct
costs that may be reimbursed under the agreement. Other items also to be addressed
include project terminology, project terms and definitions, and the architect’s status
as it relates to the profession such that the standard of care is clearly understood.
The definition of additional services, changes, and compensation for such services,
as well as the method and timing of payment, reimbursable expenses, taxes, the
responsibility for client-furnished information, project budgets, ownership of doc-
uments, confidentiality provisions, the use of project databases, insurance require-
ments, termination provisions by either party, and dispute resolution may also be
addressed. A/E agreements may also define the documents to be delivered at the
conclusion of each development phase and, in certain cases, the time estimated for
completion of each phase of service.

Compensation for Professional Services. A major concern of an architect is to
arrive at an accurate assessment of the scope of services to be performed. The
nature of the project, the degree of professional involvement, and the skills required
should be considered in arriving at an equitable fee arrangement. Types of fees that
may be used are

* Percentage of the construction cost of the project
¢ Cost plus fee

e Multiple of direct personnel expense

* Multiple of technical personnel hourly rates

e Stipulated or lump sum

* Billing rates for personnel classification

For a project requiring what could be described as standard services, the
percentage-of-construction-cost fee is a safe standard. Years of experience with the
relationship between the scope of architectural services required for various sizes
of standard construction contracts provide a basis for such rule-of-thumb fee agree-
ments.

For projects where atypical services are required, other arrangements are more
suitable. For example, for projects where the scope of service is indefinite, a cost-
plus fee is often best. It permits services to proceed on an as-authorized basis,
without undue gambling for either party to the agreement. Under such an arrange-
ment, the architect is reimbursed for costs and also receives an agreed-on fee for
each unit of effort the architect expended on the project. Special studies, consul-
tations, investigations, and unusual design services are often performed under such
an arrangement.
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For projects where the scope can be clearly defined, a lump-sum fee is often
appropriate. In such cases, however, architects should know their own costs and be
able to accurately project the scope of service required to accomplish fixed tasks.
Architects should take care, for the protection of their own, their staff’s, and the
client’s interests, that fees cover the costs adequately. Otherwise, the client’s inter-
ests will suffer, and the architect’s own financial stability may be undermined.

Fee and payment agreements should be accompanied by a well-defined under-
standing in the form of a written agreement for services between architect and
client. The method of payment should also be defined in the agreement. Certain
clients may desire a billing and payment schedule while monthly billing and pay-
ment is preferred by the architect.

2.6 A/E LIABILITY AND INSURANCE

Architecture and engineering firms normally maintain professional liability insur-
ance. This requires payment of annual premiums based on the coverage provided.
Architects and engineers should maintain coverage in connection with their foreign
operations as well as with their domestic operations. Various types of insurance
usually carried by architects and engineers are listed in Table 2.1.

2.6.1 “Services” vs. “Work”

The building industry generally recognizes that the professional architect, engineer,
or design consultant provides service, whereas the contractor, subcontractor, or
material supplier provides work. In providing work, the contractor delivers a prod-
uct and then warrants or guarantees the work. These distinctions are important to
understand with respect to insurance. In the architect’s case, professional liability
insurance provides coverage for the judgment the professional provides while using
reasonable care and therefore does not normally have liquidated damages provi-
sions. Professional liability insurance does not cover the work itself or items un-
dertaken by the contractor in pursuit of the work but does cover negligent errors
and omissions of the architect or engineer. This insurance is a means of managing
the risk associated with the architect’s judgment; it is not product-related. Most

TABLE 2.1 Types of Architect and Engineer Insurance

Type of insurance Coverage

Commercial general liability According to occurrence and aggregate

Commercial automobile liability Bodily injury and property damage

Workers’ compensation Statutory limits

Employer’s liability Medical care and time lost as a result of injuries
incurred during the performance of the services

Professional liability Errors and omissions

Valuable papers Loss of drawings, models, computer-produced data,
etc.

Umbrella liability Provides coverage in excess of professional

liability coverage
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claims against professionals in the building industry are made by clients. Fewer
claims are made by contractors and workers.

2.6.2 Risk Management

So that the architect’s or engineer’s business goals can be accomplished, profes-
sional liability insurance is offered through various underwriters and managed by
professionals. Such professionals should not dictate or limit architectural practice,
but rather should support it; neither should they tell architects to turn away from
risk, but instead they should help manage it.

Insurance allows the architect or engineer to transfer the risk of financial un-
certainty to an insurance company for a known premium. The professional should
calculate how much risk to assume. The risk the individual retains is the deductible.
The risk the insurance company accrues is the limit of liability over and above the
deductible. By choosing a higher deductible, the professional retains more risk but
pays a lower premium.

Professional liability protection for the architectural and engineering profession
has been designed with the help of the American Institute of Architects (AIA) and
the National Society of Professional Engineers (NSPE)/Professional Engineers in
Private Practice (PEPP). In addition to errors and omissions coverage, the protection
incorporates liability coverage for on-time performance, cost estimating, interior
design, asbestos, and pollution.

Liability programs vary widely from company to company. In general, the in-
surance industry recommends that architects and engineers:

¢ Select a program with flexible limits of liability and deductible options
¢ Carefully review the insurance coverage

e Compare competitive costs

* Consider the insurance company’s experience

* Examine the insurance company’s criteria for accepting risk

* Compare loss prevention services

¢ Assure that the company shares its loss information

The AIA and NSPE/PEPP can also provide architects and engineers with valuable
information on what to look for in a professional liability insurance program.

2.6.3 Project Insurance

Project insurance permits the architect to be responsive to the client who has par-
ticular insurance demands. Suppose, for example, that the client wants 3 times the
coverage the architect carries. Project insurance can respond to this requirement.
Project insurance costs are often reimbursable costs and considered a common
element of the construction cost, similar to the cost of the contractor’s insurance
coverage and performance bonds. Project insurance can sometimes reduce the ar-
chitect’s policy costs because project billings are not included in the architect’s
billings when the architect’s practice policy premium is calculated. Project insur-
ance may provide long-term coverage guarantees to the day of substantial or final
completion and up to 5 years thereafter with no annual renewals. Project insurance
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permits clients to take control in the design of an insurance package to protect their
investment and provides clients with stability, security, and risk management.

2.7 DEFINITION OF PROJECT PHASES

The definition of the various phases of development for a particular project from
initial studies through postconstruction should be understood by the client and out-
lined thoroughly in the client-A/E agreement. The most-often-used phases of de-
velopment include the following:

Feasibility Studies. To assist the client in determining the scope of the project
and the extent of services to be performed by various parties, the architect may
enter into an interim agreement for services relating to feasibility studies, environ-
mental impact studies or reports, master planning, site selection, site analysis, code
and zoning review, programming, and other predesign services.

Environmental Impact Studies. Determination of environmental studies and re-
ports required for a project and preparation of such reports, special drawings, or
other documents that may be required for governmental approvals are normally
performed under separate agreements. Attention should be given to zoning, soils,
and the potential of hazardous materials in any form. If any impermissible hazard-
ous materials are encountered, clients should be advised so that they can obtain the
services of a specialty consultant to determine what course of action to take.

Programming. 1If the architect is required to prepare the program of space re-
quirements for a project, the program should be developed in consultation with the
client to help the client recognize particular needs. Space requirements, interrela-
tionships of spaces and project components, organization subdivision of usage, spe-
cial provision and systems, flexibility, constraints, future expansion, phasing, site
requirements, budgetary and scheduling limitations, and other pertinent data should
all be addressed.

Conceptual Design. During this phase of development, the architect evaluates the
client’s program requirements and develops alternatives for design of the project
and overall site development. A master plan may also be developed during this
phase. The plan serves as the guide and philosophy for the remainder of the de-
velopment of the project or for phasing, should the project be constructed in various
phases or of different components.

Schematic Design. During this phase the project team, including all specialty
consultants, prepares schematic design documents based on the conceptual design
alternative selected by the client. Included are schematic drawings, a written de-
scription of the project, and other documents that can establish the general extent
and scope of the project and the interrelationships of the various project compo-
nents, sufficient for a preliminary estimate of probable construction costs to be
prepared. Renderings and finished scale models may also be prepared at this time
for promotional and marketing purposes.
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Design Development. After client approval of the schematic design, the architect
and the specialty consultants prepare design development documents to define fur-
ther the size and character of the project. Included are applicable architectural, civil,
structural, mechanical, and electrical systems, materials, specialty systems, interior
development, and other such project components that can be used as a basis for
working drawing development.

Construction Documents. After approval of the design development documents,
the architectural-engineering team, together with the applicable specialty consult-
ants, prepares construction documents, consisting of working drawings and tech-
nical specifications for the project components. These include architectural, struc-
tural, mechanical, electrical, hydraulic, and civil work, together with general and
supplementary conditions of the construction contract for use in preparing a final
detailed estimate of construction costs and for bidding purposes.

Construction Phase Services. Diligent construction phase services are essential
to translate design into a finished project. The A/E team continues with the de-
velopment process by issuing clarifications of the bid documents and assisting in
contractor selection (Art. 2.20). Also, during the construction period, the team re-
views shop drawings, contractor payment requests, change-order requests, and visits
the construction site to observe the overall progress and quality of the work. Ar-
chitect and engineer personnel involved in the design of the project should be
available during construction to provide continuity in the design thought process
until project completion and occupancy.

Postconstruction Services. Follow-up with the client after construction comple-
tion is essential to good client relations. Periodic visits to the project by the architect
through the contractor’s warranty period is considered good business.

2.8 SCHEDULING AND PERSONNEL
ASSIGNMENTS

The effective coordination of any project relies on management’s ability to organize
the project into a series of discreet efforts, with deadlines and milestones identified
in advance. The interdependence of these milestones should be clearly understood
by the client and the project team so that the project can be structured yet still be
flexible to respond to changes and unforeseen delays without suffering in overall
coordination and completion.

Experience is the basis on which architects and engineers establish major project
milestones that form the framework for project development. The critical path
method (CPM) of scheduling can be used to confirm intermediate milestones cor-
responding to necessary review and approvals, program and budget reconciliation,
and interdisciplinary coordination. CPM consultants can also assist contractors in
establishing overall shop drawings and fabrication and installation schedules for
efficient phasing and coordination of construction. Schedules can be maintained in
a project management computer database. They should be updated on a regular
basis for the duration of the project, since critical path items change from time to
time depending on actual progress of construction. See also Art. 2.9.
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2.9 ACCELERATED DESIGN AND
CONSTRUCTION

The traditional process of design and construction and the roles and responsibilities
of the various parties need not be changed when fast track, an accelerated design
and construction process, is required. However, this process can affect scheduling
and personnel assignments.

In the traditional process, the entire facility moves phase by phase through the
entire development process, that is, programming, design, design development, con-
struction documents, bid and award of contracts, construction and acceptance of
completed project (Art. 2.7). With any form of accelerated design and construction,
the final phases remain substantially the same, but the various building systems or
subsystems move through the development process at different times and result in
the release of multiple construction contracts at various times throughout the pro-
cess.

For any project, basic building siting is determined early in the design process.
Therefore, at an early stage in design, a construction contract can be awarded for
demolition and excavation work. Similarly, basic structural decisions can be made
before all details of the building are established. This permits early award of foun-
dation, below grade utility work, and structural work contracts. Under such circum-
stances, construction can be initiated early in the design process, rather than at the
conclusion of a lengthy design and contract preparation period. Months and even
years can be taken out of the traditional project schedule, depending on the scale
and complexity of the project. Purchase of preengineered, commercially available
building systems can be integrated into the accelerated design and construction
process when standard system techniques are employed, reducing time even more.

The major requirements for a project in which design and construction occur
simultaneously are

e Accurate cost management to maintain project budgets.

e Full understanding of the construction process by the client, contractor, and de-
sign professionals so that design decisions and contract documents for each build-
ing system or subsystem can be completed in a professional manner that addresses
the requirements of the ongoing construction process.

* Organized and efficient management of the construction process with feedback
into the design process to maintain a clear definition of the required contract
packages and schedule.

* Overall project cost control and project construction responsibilities, including
interface management of independent prime contracts, should also be established.

Often the major purpose of accelerated design and construction is to reduce the
effect of rapidly increasing construction costs and inflation over the extended project
design and construction period. For projects extending over several years, for ex-
ample, contractors and subcontractors have to quote costs for providing material
and labor that may be installed several years later. In most cases, the costs asso-
ciated with such work are uncertain. Bid prices for such work, especially when it
is of large magnitude, therefore, must be conservative. Accelerated design and con-
struction, however, brings all the financial benefits of a shortened project duration
and early occupancy and reduces the impact of cost escalation. Also, bid prices can
be closer to the actual costs, thus reducing bidding risk to the contractor. The
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combination of phased bidding, shortened contract duration, reduced escalation,
smaller bid packages, and a greater number of bidders can produce substantial
savings in overall construction costs.

A major objection to accelerated design and construction is that project con-
struction is initiated before bids are obtained for the total project and assurance is
secured that the total project budget can be maintained. In this regard, the reliability
of early cost estimating becomes even more critical. It is the experience of most
clients and architects involved with multiple contracts, however, that such contracts,
bid one at a time, can be readily compared with a total budget line item or trade
breakdown and thus provide safeguards against budget overruns. The ability to
design, bid, and negotiate each contract as a separate entity provides optimum cost
control.

For accelerated design and construction programs to work effectively, services
of a professional construction manager are normally required. This cost, however,
can be offset by the overall saving in the total project cost due to the reduction in
construction time.

Normally, the client is responsible for entering into the various construction
contracts when multiple contracts are used. The construction manager acts as the
client’s agent in administration of the contracts. If the architect is to administer the
contracts, additional compensation will be required beyond that associated with one
general contractor who holds all subcontracts, as is the case in the traditional client-
contractor relationship.

2.10 DESIGN MANAGEMENT

Architects manage all aspects of project design simultaneously, their own internal
resources, relations with the specialty consultants, the processes that deliver service
to the client, and through that service, the programs of client needs through the
development process to the creation of a built environment. The requirement that
architects be capable businesspersons is, therefore, far-reaching. The need for good
business sense and a thorough knowledge of the architect’s own cost is reinforced
by the need to manage these costs throughout the duration of the project. Allocation,
commitment, and monitoring of the expenditure of resources are of critical impor-
tance to the financial success of every project. Only when these are properly man-
aged can quality services, proper advice, appropriate design, and state-of-the-art
contract documents be delivered to clients.

As a businessperson, an architect is faced with acquiring personnel, advancing
those who are outstanding, and removing those who are unacceptable. The firm
should keep records of business expenses, file tax returns, provide employee ben-
efits, distribute and account for profits, and keep accurate cost records for project
planning and to satisfy government requirements. The architect must meet legal
requirements for practice as an individual, partnership, or corporation. In many of
these areas, the architect will be assisted by experts. It is impossible for an architect
to practice effectively or successfully without a thorough understanding and com-
plete concern for the business of architecture.

Once the resources required to deliver services are assured, the architect should
provide management skills to see that these services are kept timely, well-
coordinated, accurate, and closely related to the client’s needs. This is especially
important for work on large projects, in large design offices, or when dealing with
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the architect’s employees and consultants. The best talent must be secured, appro-
priately organized, directed, and coordinated to see that the project receives well-
integrated and well-directed professional service.

The objective is to produce an appropriately designed facility the client needs,
within budget, and on schedule. While the contractor has the front-line responsi-
bility for budgeted construction cost and schedule, the architect’s resources and the
services provided should be helpful in managing the construction process for the
benefit of the client. The architect’s management of materials and technology and
relationship with the client and contractors will account in good measure for the
success of the project.

2.11 INTERNAL RECORD KEEPING

Part of good office management is document control and record keeping. Much
information is received, disseminated, and collated in an architect’s office. Included
are project directories, contractual correspondence, client correspondence, consult-
ant correspondence, minutes of meetings, insurance certifications, in-progress draw-
ings, drawing release for owner review, and building permit and construction issues.
Also dealt with are facsimiles, e-mail, computer tapes, calculations, shop drawings,
specifications, material samples, renderings, photography, slides, field reports, spec-
ifications addenda, contract modifications, invoices, financial statements, audit rec-
ords, and time records. In addition, there are contractor payment requests, change
orders, personnel records, client references and more. Certain clients may have
particular formats or record-keeping controls they impose on a project in addition
to the architect’s standard procedures.

A multitude of data is transferred among many parties during the progress of
the architect’s services. The data should be maintained in an organized manner for
future reference and archival purposes. The architect should establish an office
procedure for document control, record keeping, and document storage beyond the
life of the project to ensure easy retrieval. There are many computerized systems
that can aid the architect in catalog filing and information retrieval. Record keeping
can typically be subdivided into the following categories: contractual, financial,
personnel, marketing and publicity, legal, correspondence, project documentation,
drawings, shop drawings, warehousing, and archival records. These should not only
be supervised but also controlled, inasmuch as some files require limited access for
reasons of confidentiality and legalities.

2.12 CODES AND REGULATIONS

Various statutory codes, regulations, statutes, laws, and guidelines affect design and
construction of projects. In most jurisdictions, the architect and engineer are re-
quired by law to design to applicable building codes and regulations, which vary
from one jurisdiction to another and can vary between codes. Some jurisdictions
that do not have sophisticated codes usually follow recognized national or inter-
national codes, which should be agreed on at the onset of a project so that the
client and architect understand the rules for design and construction. All codes are
intended for the health, welfare, and safety of the public and occupants of buildings.
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Affirmative-Action Program. The objective of equal employment opportunity and
affirmative-action programs should be to ensure that individuals are recruited, hired,
and promoted for all job classifications without regard to race, color, religion, na-
tional origin, sex, age, handicap, or veteran status. Employment decisions should
be based solely on an individual’s qualifications for the position for which the
individual is considered.

Affirmative action means more than equal employment opportunity. It means
making a concentrated effort to inform the community of the architect’s desire to
foster equal employment opportunity. It also means making a special effort to attract
individuals to the profession and to engage them in a program of professional
development. Furthermore, architects should be committed to a meaningful minority
business enterprise (MBE) and women business enterprise (WBE) participation pro-
gram. Initial contact with local MBE/WBE firms should be pursued for each ap-
plicable project to respond to this important requirement. Architects should be pre-
pared to review this requirement with clients to achieve participation targets
consistent with client goals and objectives.

2.13 PERMITS

Most jurisdictions require a building permit for construction or remodeling. The
building permit, for which a fee is paid by the contractor or client, is an indication
that drawings showing the work to be done have been prepared by a registered
professional and submitted to the governing authority have jurisdiction over design
and construction of the project. Furthermore, it is an indication that this authority
stipulates that the documents meet the intent of the applicable building codes and
regulations. Issuance of a permit, however, does not relieve the governing agency
of the right to inspect the project during and after construction and to require minor
modifications. In addition, while most locales do not provide for a written permit
by the fire department, this agency is involved in the review process relative to life-
safety provisions. It also has the right to inspect the project when constructed and
to require modifications if they are considered appropriate to meet the intent of the
code or the department’s specific requirements. Major items reviewed by both the
permit-issuing agencies relate to occupancy classifications, building population, fire
separations, exiting requirements, travel paths for exiting, areas of refuse, and other
general life safety and public health issues.

Occupancy Permits. Many jurisdictions require that a permit be obtained by the
client or tenant of a multitenant building indicating that the building or tenant space
has been reviewed by the applicable agency and fire department. This permit in-
dicates that the building meets the requirements of the building codes and is ap-
propriate for occupancy for the intended use and classification for which the build-
ing or space was designed and constructed.

In addition, elevator usage certificates are issued by certain building authorities.
These certificates indicate that the elevators have been inspected and found to be
acceptable for use based on the size, loading, and number of occupants posted on
the certificate.

Furthermore, certain spaces within a project may have a maximum-occupancy
limitation for which a notice is posted in those spaces by the applicable building
authority. Examples of this type of usage include restaurants, ballrooms, convention
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centers, and indoor sports facilities where a large number of occupants might be
gathered for the intended use.

2.14 ENERGY CONSERVATION

In response to the national need for energy conservation and in recognition of the
high consumption of energy in buildings, the U.S. Department of Energy gave a
grant to the American Society of Heating, Refrigeration, and Air-Conditioning
Engineers (ASHRAE) for development of a national energy conservation standard
for new buildings. The resulting standard, ASHRAE 90-75, establishes thermal
design requirements for exterior walls and roofs. It is incorporated in some building
codes.

Seeking greater energy-use reduction, Congress passed the Energy Conservation
Standards for New Buildings Act of 1976, mandating development of energy per-
formance standards for new buildings (BEPS). Accordingly, the Department of En-
ergy develops such standards, for adoption by federal agencies and state and local
building codes. BEPS consists of three fundamental elements:

1. Energy budget levels for different classifications of buildings in different cli-
mates, expressed as rate of energy consumption, Btu/ft>-yr.

2. A method for applying these energy budget levels to a specific building design
to obtain a specific annual rate of energy consumption, or design energy budget,
for the proposed building.

3. A method for calculating the estimated annual rate of energy consumption, or
design energy consumption, of the proposed building.

The design energy consumption may not exceed the design energy budget of a
new building. Even without these regulations, energy conservation for buildings
makes good sense, for a reduction in energy usage also reduces building operating
costs. It is worthwhile, therefore, to spend more on a building initially to save
energy over its service life, at least to the point where the amortized annual value
of the increased investment equals the annual savings in energy costs. As a con-
sequence, life-cycle cost, considered the sum of initial, operating, and maintenance
costs, may be given preference over initial cost in establishment of a cost budget
for a proposed building.

Energy use and conservation are key elements in an architect’s approach to
design. Aided by computer simulation, engineers can develop system concepts and
evaluate system performance, deriving optimal operation schedules and procedures.
During the initial design phase, the computer can be used in feasibility studies
involving energy programs, preliminary load calculations for the selection of heat-
ing, ventilating, and air-conditioning (HVAC) systems and equipment, technical and
economic evaluation of conservation alternatives. Using solar heating and cooling
systems for new and existing facilities, modeling energy consumption levels, fore-
casting probable operating costs, and developing energy recovery systems can be
investigated during the early design of a project.

2.15 THE INTERIOR ENVIRONMENT

Architects have long been leaders in building design that is sensitive to environ-
mental issues. Several areas of general concern for all buildings are described in



THE BUILDING TEAM—MANAGING THE BUILDING PROCESS 217

the following paragraphs; they support the basic philosophy that the environment
within buildings is as critical a concern as esthetics.

Indoor Air Quality. Many factors, such as temperature, air velocity, fresh-air ven-
tilation rates, relative humidity, and noise, affect indoor air quality. The fresh-air
ventilation rate has the greatest influence on indoor air quality in many buildings.
Fresh-air ventilation rates in a building is the flow of outside air brought into the
building for the well-being of the occupants and the dilution of odors and other
internally generated air pollutants. The outside air may vary in its “freshness”
depending on the location of the building, its surrounding conditions, and the lo-
cation of the fresh-air intakes for the building. Therefore, careful studies should be
made by the architect to ensure the optimum internal air quality.

Ventilation is required to combat not only occupant-generated odors, as has been
traditionally the case, but also to provide ventilation for materials used and stored
in buildings. ASHRAE Standard 62-1989, American Society of Heating, Refrig-
eration, and Air-Conditioning Engineers, recommends a rate of 20 cfm per person
as a minimum ventilation rate for office buildings. Air-handling systems for nu-
merous buildings provide not only this minimum recommended level but also often
increased fan capacity (available when outdoor temperatures and humidity levels
are favorable) through an air-side economizer control.

Environmental Pollution. In response to current concern for the effect of chlo-
rofluorocarbons (CFCs, fully halogenated refrigerants) on the earth’s ozone layer,
the refrigerant for mechanical systems should have the lowest ozone depletion po-
tential compatible with commercial building cooling systems.

Noise Control. The acoustical environment within a building is a result of the
noise entering the space from outdoors, or from adjacent interior areas, or most
importantly, from the mechanical, electrical, and elevator systems of the building.
This is in addition to the noise generated within the space by people and equipment.
Mechanical systems should be designed to limit equipment noise and to maintain
the transmission of noise via mechanical systems to occupied spaces within a range
necessary for efficient and enjoyable use of the building. Occupied space noise
should normally be limited to NC-35 or less if desired, through the use of state-
of-the-art-distribution equipment and appropriate use of materials within the fin-
ished spaces.

Safe Building Materials. The technical specifications provided by the architect
should be continually updated to eliminate any materials that are potential health
hazards to occupants or construction workers, such as materials that give off gas
within the occupied spaces. In addition, requirements in local, national, and inter-
national building codes to reduce fire and smoke hazards should be met.

Occupational Health and Safety Issues. As discussed in the preceding, architects
should exercise professional care in design and specification of all architectural and
building systems to create a state-of-the-art building offering a safe, healthy envi-
ronment for all occupants, visitors, and users.

Recycled Materials. In today’s environment, architects should understand that
their designs must consider the impact on the ecological health of our society. With
this in mind, architects should work together with the client to develop policies and
innovative solutions that will reduce waste and promote the recycling of materials.
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2.16 COST ESTIMATING AND VALUE
ENGINEERING

During development of a project the client normally looks to the architect for
construction cost estimates. It is advisable to provide a probable cost of construction
at completion of the schematic design, design development, and construction doc-
ument phases. A design contingency is usually carried in cost estimates. It can be
reduced as the documents are further developed. At completion of the construction
documents, the architect prepares, or has a consultant prepare, a final and most
accurate estimate of construction cost, which can be used for comparison with the
bids submitted to perform the work.

Value engineering may be performed by consultants and construction managers
during the development of the construction documents. (This is a misnomer for
cost-reduction engineering, since value engineering should occur before a design
has been finalized and construction documents have started. To be effective, value
engineering should be undertaken prior to design of any building system.

Value engineering should address operating and maintenance costs as well as
first costs, to provide true life-cycle cost estimates for comparative analysis. This
can be accomplished as early as the conceptual design phase of the project and
should use the expertise of cost consultants, if such service is not offered directly
by the architect or engineer.

Cost analysis should be performed concurrently with technical evaluation of the
systems proposed by the architects or engineers, to provide the client with proper
information to make an informed decision. The architect and engineer should ad-
dress cost without compromising the building program, building safety, or desired
design and performance of the facility and respond to the client in a professional
manner regarding cost estimating and value engineering.

2.17 TECHNICAL SPECIFICATIONS

Specifications for a building project are written descriptions, and the drawings are
a diagrammatic presentation of the construction work required for that project. The
drawings and specifications are complementary.

Specifications are addressed to the prime contractor. Presenting a written de-
scription of the project in an orderly and logical manner, they are organized into
divisions and sections representing, in the opinion of the specification writer, the
trades that will be involved in construction. Proper organization of the specifications
facilitates cost estimating and aids in preparation of bids. The architect should
coordinate the specification terminology with that shown on the drawings.

2.17.1 Content of Specifications

It is not practical for an architect or engineer to include sufficient notes on the
drawings to describe in complete detail all of the products and methods required
of a construction project. Detailed descriptions should be incorporated in specifi-
cations. For example, workmanship required should be stated in the specifications.

Contractors study specifications to determine details or materials required, se-
quence of work, quality of workmanship, and appearance of the end product. From
this information, contractors can estimate costs of the various skills and labor re-
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quired. If workmanship is not determined properly, unrealistic costs will result and
quality will suffer. Good specifications expand or clarify drawing notes, define
quality of materials and workmanship, establish the scope of the work, and describe
the responsibilities of the contractor.

The terms of the contract documents should obligate each contractor to guarantee
to the client and the architect or engineer that all labor and materials furnished and
the work performed are in accordance with the requirements of the contract doc-
uments. In addition, a guarantee should also provide that if any defects develop
from use of inferior materials, equipment, or workmanship during the guarantee
period (1 year or more from the date of final completion of the contract or final
occupancy of the building by the client, whichever is earlier), the contractor must,
as required by the contract, restore all unsatisfactory work to a satisfactory condition
or replace it with acceptable materials. Also, the contractor should repair or replace
any damage resulting from the inferior work and should restore any work or equip-
ment or contents disturbed in fulfilling the guarantee.

Difficult and time-consuming to prepare, technical specifications supply a written
description of the project, lacking only a portrayal of its physical shape and its
dimensions. The specifications describe in detail the material, whether concealed
or exposed, in the project and fixed equipment needed for the normal functioning
of the project. If they are properly prepared, well-organized, comprehensive, and
indexed, the applicable requirements for any type of work, kind of material, or
piece of equipment in a project can be easily located.

The technical specifications cover the major types of work—architectural, civil,
structural, mechanical, and electrical. Each of these types is further divided and
subdivided in the technical specifications and given a general title that describes
work performed by specific building trades or technicians, such as plasterers, tile
setters, plumbers, carpenters, masons, and sheet-metal workers, to name a few.

The prime contractor has the responsibility to perform all work, to furnish all
materials, and to complete the project within a schedule. The contractor, therefore,
has the right to select subcontractors or perform the work with the contractor’s own
forces. In recognition of this, each specification should contain a statement either
in the General Conditions or in the Special Conditions, that, regardless of the sub-
division of the technical specifications, the contractor shall be responsible for al-
location of the work to avoid delays due to conflict with local customs, rules, and
union jurisdictional regulations and decisions.

Standard forms for technical specifications can be obtained from the Construc-
tion Specifications Institute (CSI). The CSI publishes a Master List of Section Titles
and Numbers, which is the generally accepted industry standard. In it, technical
specifications are organized into 16 divisions, each with titles that identify a major
class of work. Each division contains basic units of work, called sections, related
to the work described by the division title. Following is the division format devel-
oped by CSI:

1. General Requirements
2. Site Work

3. Concrete

4. Masonry

5. Metals

6. Woods and Plastics

7. Thermal and Moisture Protection
8. Doors and Windows
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9. Finishes

10. Specialties

11. Equipment

12. Furnishings

13. Special Construction
14. Conveying Systems
15. Mechanical

16. Electrical

Language should be clear and concise. Good specifications contain as few words
as necessary to describe the materials and the work. The architect or engineer
should use the term “‘shall” when specifying the contractor’s duties and responsi-
bilities under the contract and use the term “will” to specify the client’s or archi-
tect’s responsibilities.

Phrases such as ‘““as directed by the architect,” ““. . . to the satisfaction of the
architect,” or *“. . . approved by the architect’”” should be avoided. The specification
should be comprehensive and adequate in scope to eliminate the necessity of using
these phrases. “Approved by the architect” may be used, however, if it is accom-
panied by a specification that indicates what the architect would consider in a
professional evaluation. The term ‘“by others” is not clear or definite and, when
used, can result in extra costs to the client. The word ‘“‘any” should not be used
when “all” is meant.

LR T3

2.17.2 Types of Specifications

Technical requirements may be specified in different ways, depending on what best
meets the client’s requirements. One or more of the following types of technical
specifications may be used for a building project.

Descriptive Specifications. These describe the components of a product and how
they are assembled. The specification writer specifies the physical and chemical
properties of the materials, size of each member, size and spacing of fastening
devices, exact relationship of moving parts, sequence of assembly, and many other
requirements. The contractor has the responsibility of constructing the work in
accordance with this description. The architect or engineer assumes total respon-
sibility for the function and performance of the end product. Usually, architects and
engineers do not have the resources, laboratory, or technical staff capable of con-
ducting research on the specified materials or products. Therefore, unless the spec-
ification writer is very sure the assembled product will function properly, descriptive
specifications should not be used.

Reference Specifications. These employ standards of recognized authorities to
specify quality. Among these authorities are ASTM, American National Standards
Institute, National Institute of Standards and Technology, Underwriters Laborato-
ries, Inc., American Institute of Steel Construction, American Concrete Institute,
and American Institute of Timber Construction.

An example of a reference specification is: Cement shall be portland cement
conforming to ASTM C150, “Specification for Portland Cement,” using Type 1 or
Type 11 for general concrete construction.



THE BUILDING TEAM—MANAGING THE BUILDING PROCESS 2.21

Reputable companies state in their literature that their products conform to spe-
cific recognized standards and furnish independent laboratory reports supporting
their claims. The buyer is assured that the products conform to minimum require-
ments and that the buyer will be able to use them consistently and expect the same
end result. Reference specifications generally are used in conjunction with one or
more of the other types of specifications.

Proprietary Specifications. These specify materials, equipment, and other prod-
ucts by trade name, model number, and manufacturer. This type of specification
simplifies the specification writer’s task, because commercially available products
set the standard of quality acceptable to the architect or engineer.

Sometimes proprietary specifications can cause complications because manufac-
turers reserve the right to change their products without notice, and the product
incorporated in the project may not be what the specifier believed would be in-
stalled. Another disadvantage of proprietary specifications is that they may permit
use of alternative products that are not equal in every respect. Therefore, the spe-
cifier should be familiar with the products and their past performance under similar
use and should know whether they have had a history of satisfactory service. The
specifier should also take into consideration the reputation of the manufacturers or
subcontractors for giving service and their attitude toward repair or replacement of
defective or inferior work.

Under a proprietary specification, the architect or engineer is responsible to the
client for the performance of the material or product specified and for checking the
installation to see that it conforms with the specification. The manufacturer of the
product specified by the model number has the responsibility of providing the per-
formance promised in its literature.

In general, the specification writer has the responsibility of maintaining com-
petition between manufacturers and subcontractors to help keep costs in line. Nam-
ing only one supplier may result in a high price. Two or more names are normally
supplied for each product to enhance competition.

Use of “or equal” should be avoided. It is not fully satisfactory in controlling
quality of materials and equipment, though it saves time in preparing the specifi-
cation. Only one or two products need to be investigated and research time needed
to review other products is postponed.

Base-Bid Specifications. These establish acceptable materials and equipment by
naming one or more (often three) manufacturers and fabricators. The bidder is
required to prepare a proposal with prices submitted from these suppliers. Usually,
base-bid specifications permit the bidder to submit substitutions or alternatives for
the specified products. When this is done, the bidder should state in the proposal
the price to be added to, or deducted from, the base bid and include the name,
type, manufacturer, and descriptive data for the substitutions. Final selection rests
with the client. Base-bid specifications often provide the greatest control of quality
of materials and equipment, but there are many pros and cons for the various types
of specifications, and there are many variations of them.

2.17.3 Automated Specifications

For building projects, specification writers normally maintain a library of master
documents that are used as a basis for creating project specifications with a com-
puter. Typically, they employ the industry-standard Construction Specifications In-
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stitute format (Art. 2.17.1). Computers are used to facilitate and speed production
of specifications and other technical documents.

Although computer systems can be complex, requiring an experienced person
for setup and maintenance, they are cost-effective, saving time and effort. For ex-
ample, one program used for preparing specifications has a point-and-click graphics
user interface with directories and files represented by icons and manipulated by a
mouse. Multiple files are viewed and edited on the screen simultaneously, and each
file is seen as a full-page display exactly as it will be printed. The graphics and
document layout capabilities of the program are suitable for producing technical
manuals and for publishing periodicals. Documents displayed on the computer per-
mit the architect to eliminate the editing of drafts on paper or markups. Instead,
editing is performed directly on the computer screen, thus reducing the amount of
paper filing and printing that would otherwise be required.

2.18 UPFRONT DOCUMENTS

The contract documents prepared by the architect, engineer, or client’s legal counsel
include the contract between the client and contractor; the bidding requirements,
which contain the invitation to bid, instruction to bidders, general information, bid
forms, and bid bond; the contract forms, which may include the agreement (con-
tract) format between the client and contractor, performance bond, and payment
bond and certificates; the contract conditions identified as the general and supple-
mentary conditions; the list of technical specifications; drawings; addenda; and con-
tract modifications. The bidding requirements, contract forms, and contract condi-
tions are sometimes referred to as the upfront documents.

Bidding Requirements. These explain the procedures bidders are to follow in
preparing and submitting their bid. They assist all bidders in following established
guidelines so that bids can be submitted for comparative purposes and not be dis-
qualified because of technicalities. The bidding requirements address all prospective
bidders, whereas the final contract documents address only the successful bidder,
who, after signing the client-contractor agreement, becomes the contractor.

Contract Forms. The agreement (contract) is the written document, signed by the
client and contractor, which is the legal instrument binding the two parties. This
contract defines the relationships and obligations that exist between the client and
contractor. It incorporates other contract documents by reference.

The contract may require a construction performance bond for financial protec-
tion of the client in the event the contractor is unable to complete the work in
accordance with the contract. Not all clients require performance bonds, but the
architect should review its necessity with the client and prepare the bidding docu-
ments in accordance with the client’s decision.

The contract usually requires a contractor payment bond from the contractor to
ensure that a surety will pay the labor force and material suppliers should the
contractor fail to pay them. The use of this bond precludes the need for the labor
force or suppliers to seek payment directly from the client, through liens or oth-
erwise, because of nonpayment by the contractor.

Certificates include those project forms that may be required for insurance, cer-
tificate of compliance, guarantees or warranties, or compliance with applicable
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laws and regulations. Contract forms vary, depending on the type and usage of the
project.

Contract Conditions. These define the rights, responsibilities, and relationships
of the various parties involved in the construction process. Two types of contract
conditions exist, General Conditions and Supplementary Conditions.

The General Conditions have general clauses that establish how the project is
to be administered. They normally contain provisions that are common practice.
Definitions of project terms, temporary provisions, site security, management pro-
cess required, and warranties and guarantees are among those items addressed in
the General Conditions.

The Supplementary Conditions modify or supplement the general conditions to
provide for requirements unique to a specific project and not normally found in
standard General Conditions.

2.19 QUALITY CONTROL FOR ARCHITECTS
AND ENGINEERS

To maintain a consistently high level of quality in design and construction docu-
mentation, a rigorous internal review of the documents prepared by the architect or
engineer, which draws on the full depth and experience of resources available,
should be undertaken during the contract document phase. Quality control can begin
in the earliest stages of design, when criteria are established and developed as
design guidelines for use throughout the project. At each stage of development, a
coordination checklist, based on previous experience, can be utilized for the project
through an independent internal or external technical checking program.

Computer file management may be used to enable the various technical disci-
plines to share graphic data and check for interference conditions, thereby enhanc-
ing technical coordination of the documents. Quality control should also continue
throughout the construction phase with architect and engineer review of shop draw-
ings and on-site observation of the work.

Quality Management Program. To have a truly meaningful quality management
program, all personnel must be committed to it. To help the professional staff
understand the quality program, quality systems should be developed, updated,
maintained, and administered to assist the architect and professional staff in pro-
viding quality service to clients. An individual in each office may be assigned to
assist in the quality management program. This person should undertake to instill
in all personnel the importance of such a program in every aspect of the daily
conduct of business.

The quality management program should set quality goals; develop professional
interaction for meeting these goals among peers and peer groups; review building
systems, specifications, and drawings to ensure quality; and see that these objectives
are known to the public. Such a program will result in a client base that will
communicate the quality level of the architect to others in the community, profes-
sion, and international marketplace. The architect’s image is of extreme importance
in acquiring and maintaining clients, and the best quality management program
focuses on client service and dedication to the profession.
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2.20 BIDDING AND CONTRACT AWARD

Competitive bidding is one method of determining the least cost for performing
work defined by the construction documents. The bid states the price that the bidder
will contract for to perform the work based on the work shown and described in
the bidding documents. Bids are prepared in confidence by each bidder. They are
usually sealed when submitted to the client (or, in the case of subcontractors, to
the bidding contractors). At a specified time and date, all bids are opened, com-
petitively examined, and compared. Unless there are compelling reasons to do oth-
erwise, the client (contractor in the case of subcontractors) usually enters into an
agreement to have the work performed by the bidder submitting the lowest price.

Before bids may be received, prospective bidders need to be identified and made
aware of the project. Sufficient data should be furnished to potential bidders to
allow preparation of their bids. The client may or may not wish to prequalify
bidders. In those cases where prequalification is required, the architect can have
meaningful input in the process based on past experience with potential bidders.

The terms bid and proposal are synonymous. Although proposal may imply an
opportunity for more consideration and discussion with the client, architect, or
engineer, bid, bidder, and bid form are preferable, to prevent misunderstanding by
the bidders.

After client approval of the construction documents and selection of a construc-
tion bidding method, the architect may assist in the selection of contractors to bid
the work; preparation of bid forms; issuance of bidding documents for competitive
bidding; answering inquiries from bidders; and preparing and issuing any necessary
addenda to the bidding documents. Furthermore, the architect may assist in ana-
lyzing bid proposals and making recommendations to the client as to the award of
the construction contract. The architect can also assist in preparation of the con-
struction contract.

Bidders may elect to change their bid on the basis of certain conditions, such
as errors in the bid, changes in product cost, changes in labor rates, or nonavail-
ability of labor because of other work or strikes. Each bidder is responsible for
providing for any eventuality during the period the bid is open for acceptance.
Unless provided for otherwise, bidders may withdraw their bid before acceptance
by the client, unless the client consents to a later withdrawal. If all conditions of
the instructions to bidders have been met, then after the bids have been opened,
the bids should be evaluated. The low bid especially should be analyzed to ensure
that it reflects accurately the cost of the work required by the contract documents.
The bids may be compared with the architect’s construction cost estimate that was
prepared on completion of the contract documents. The client can accept a bid and
award the contract to the selected bidder, who then becomes the contractor for the
work.

2.21 CONSTRUCTION SCHEDULING

Normally, a client asks the architect for an estimate of the construction time for the
project. The client can then incorporate this estimate in the overall development
schedule.
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The contractor should prepare a detailed construction schedule for use in ad-
ministering the work of subcontractors and the contractor’s own forces. The con-
tractor should be requested to submit the schedule to the architect and the client
within 30 days of contract award. The schedule will also form the basis for the
contractor’s development of a shop drawing schedule.

A construction schedule can consist simply of a bar chart for each item of work
or a breakdown for the major trades on the project. Alternatively, the schedule can
be highly detailed; for example, a critical-path-method (CPM) schedule. This is
recommended for large projects for monitoring the critical-path item at any point
in time, since the critical path can change, depending on actual construction con-
ditions. The contractor should monitor and update the schedule monthly during the
construction phase so that the anticipated completion and move-in date can be
verified or adjusted. If the completion date cannot be adjusted and the schedule
appears to be of concern, more work time (overtime) may be required to maintain
the nonadjusted schedule. This could have an impact on cost, depending on how
the client-contract agreement was structured.

The construction schedule is an extremely meaningful tool in monitoring the
construction process. It can assist the architect’s ongoing role in quality control
during the construction phase, when the management of the building process is
transferred to, and becomes the responsibility of, the contractor. The schedule also
is a meaningful tool for use by all trades involved in the building process. The
schedule affects trades in different ways, depending on the size of the labor force,
availability of material and personnel hoisting equipment, access to the work, co-
ordination of subcontractors’ work with material suppliers, material testing agencies
involved, preparation of mock-ups, shop-drawing submittals, and general overall
construction coordination issues.

2.22 SHOP DRAWING REVIEW

After the construction contract is awarded, the contractor should submit a proposed
schedule for submission of shop drawings to meet the construction schedule. This
permits the architect to anticipate submissions and plan manpower requirements
accordingly, based on the number and complexity of each submission.

As an ongoing part of quality control, the architect should review the shop
drawings, product literature, and samples and observe material and mock-up testing.
This is considered part of the shop drawing submittal process. The architect should
be an independent agent and side neither with the client nor the contractor in
acceptance or rejection of a submittal. Rather, based on professional judgment, the
architect should render a decision as to whether the submittal is in general accord-
ance with the construction documents and design intent. All submittals should be
properly identified and recorded when received by the architect, as part of document
control. The architect should review the submittal expeditiously and return it to the
contractor with the appropriate action.

The architect’s action shown on the submittal usually records that the contractor
can proceed, proceed as noted, or not proceed. A copy of the proceed and proceed-
as-noted submittal should be maintained in the architect’s and contractor’s site office
for reference. The client should also be provided with the transmittal associated
with submittals. This helps keep the client informed regarding the progress of the
work relative to the schedule for submission of shop drawings.
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2.23 ROLE OF ARCHITECT OR ENGINEER
DURING CONSTRUCTION

After award of the construction contract, the architect or engineer generally contin-
ues to assist the client in relations with the contractor.

2.23.1 Site Observation

As part of their ongoing services during construction, and depending on the scale
and complexity of the project, architects and engineers may make periodic site visits
or maintain full-time representation on site during a portion or all of the construc-
tion period. The professional’s role is to expedite day-to-day communication and
decision making by having on-site personnel available to respond to required draw-
ing and specification clarifications.

Site-observation requirements for the project should be discussed with the client
at the onset of the project and be outlined in the architect-client agreement. Many
clients prefer periodic or regularly scheduled site visits by the design professional.
A provision for additional or full-time on-site representation, however, can be ad-
dressed in the agreement, and compensation for this additional service can be out-
lined in the agreement for discussion with the client later in the development pro-
cess or during the construction phase. The client and the architect and engineer
should agree on the appropriate amount of site visitation provided in the architect’s
basic services to allow adequate site-observation services based on specific project
conditions.

If periodic site observations are made, the architect should report such obser-
vations to the client in written form. This should call attention to items observed
that do not meet the intent of the construction documents. It is normally left to the
client to reject or replace work unless such defective work involves life safety,
health, or welfare of the building occupants or is a defect involving structural in-
tegrity. If the architect provides full-time site observation services, daily or weekly
reports should be issued to the client outlining items observed that are not in ac-
cordance with the construction documents or design intent.

2.23.2 Site Record Keeping

Depending on contractual requirements for service during the construction phase,
the architect may establish a field office. In this event, dual record keeping is
suggested between the site and architect’s office so that records required for daily
administration of construction are readily accessible on site. Contractor correspon-
dence, field reports, testing and balancing reports, shop drawings, record documents,
contractor payment requests, change orders, bulletin issues, field meeting minutes,
and schedules are used continually during construction. Computer systems and elec-
tronic mail make the communication process somewhat easy to control.

2.23.3 Inspection and Testing

Technical specifications require testing and inspection of various material and build-
ing systems during construction to verify that the intent of the design and construc-
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tion documents is being fulfilled under field conditions. Testing is required where
visual observations cannot verify actual conditions. Subsurface conditions, concrete
and steel testing, welding, air infiltration, and air and water balancing of mechanical
systems are such building elements that require inspection and testing services.
Normally, these services are performed by an independent testing agency employed
directly by the client so that third-party evaluation can be obtained.

Although the architect does not become involved in the conduct of work or
determine the means or methods of construction, the architect has the general re-
sponsibility to the client to see that the work is installed in general accordance with
the contract documents.

Other areas of inspection and testing involve establishing and checking bench-
marks for horizontal and vertical alignment, examining soils and backfill material,
compaction testing, examining subsurface retention systems, inspecting connections
to public utilities, verifying subsoil drainage, verifying structural column centerlines
and base-plate locations (if applicable), checking alignment and bracing of concrete
formwork, verifying concrete strength and quality, and other similar items.

2.23.4 Payment Requests

The contractor normally submits a consolidated payment request monthly to the
architect and client for review and certification. The payment request should be
subdivided by trade and compared with the schedule of values for each trade that
would have been submitted with the subcontractor bid if required by the instructions
to bidders and bid form. The architect should review the payment request with
respect to the percentage of completion of the pertinent work item or trade.

Some clients or lending institutions require that a partial waiver of lien be sub-
mitted for each work item or trade with each payment request. This partial waiver
of lien can either be for the prior monthly request, which will indicate that the prior
month’s payment has been received, or in certain cases for the current monthly
request. If the latter procedure is followed, the waiver may require revision, de-
pending on the architect’s review, if a work-item or trade-payment request is mod-
ified. The architect is not expected to audit the payment request or check the math-
ematical calculations for accuracy.

2.23.5 Change Orders

Contractor’s change-order requests require the input of the architect, engineer, and
client and are usually acted on as part of the payment request procedure. A change
order is the instrument for amending the original contract amount and schedule, as
submitted with the bid and agreed on in the client-contractor contract. Change
orders can result from departures from the contract documents ordered during con-
struction, by the architect, engineer, or client; errors or omissions; field conditions;
unforeseen subsoil; or other similar conditions.

A change order outlines the nature of the change and the effect, if any, on the
contract amount and construction schedule. Change orders can occur with both a
zero cost and zero schedule change. Nevertheless, they should be documented in
writing and approved by the contractor, architect, and client to acknowledge that
the changes were made, with no impact. Change orders are also used to permit a
material substitution when a material or system not included in the contract docu-
ments is found acceptable by the client and architect. For material substitutions
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proposed by the contractor, schedule revisions are not normally recognized as a
valid change.

The sum of the change-order amounts is added or deducted from the original
contract amount. Then, the revised contract amount is carried forward on the con-
tractor’s consolidated application for payment after the change orders have been
signed by all parties. The normal contractor payment request procedure is then
followed, on the basis of the new contract amount. If the schedule is changed
because of a change order, the subsequent issue of the construction schedule should
indicate the revised completion or move-in date, or both, that result from the ap-
proved change.

2.23.6 Project Closeout

Project closeout involves all parties, including subcontractors and material suppliers.
It should be addressed early in the construction phase so that the closeout can be
expedited and documented in an organized and meaningful manner. At this point
in the construction process, the attention of the contractor and architect is focused
on accomplishing the necessary paperwork and administrative functions required
for final acceptance of the work and issuance of the contractor’s final consolidated
application for payment and final waiver of lien.
The normal project closeout proceeds as follows:

1. The contractor formally notifies the architect and the client that the con-
tracted work is substantially complete.

2. From on-site observations and representations made by the contractor, the
architect documents substantial completion with the client and the contractor. In
some cases, this may trigger the start of certain guarantees or warranties, depending
on the provisions of the general and supplementary conditions of the contract.

3. For some projects that are phased, some but not all the building systems
may be recognized by the architect and the client as being substantially complete.
This should be well-documented, since start dates for warranty and guarantee
periods for various building systems or equipment may vary.

4. On-site visits are made by the architect and representatives of the client,
sometimes called a walk-through, and a final punchlist is developed by the architect
to document items requiring remedial work or replacement to meet the requirement
of the construction documents.

5. A complete keying schedule, with master, submaster, room, and specialty
keys, is documented by the contractor and delivered to the client.

6. The contractor submits all record drawings, as-builts, testing and balancing
reports, and other administrative paperwork required by the contract documents.

7. The contractor should submit all required guarantees, warranties, certificates,
and bonds required by the general and supplementary conditions of the contract or
technical specifications for each work item or trade outlined in the breakdown of
the contractor’s consolidated final payment request.

8. The contractor corrects all work noted on the punchlist. A final observation
of the corrected work may then be made by the architect and client.

9. If the client accepts the work, the architect sends a certificate of completion
to the contractor with a copy to the client. The certificate documents that final
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completion of the work has occurred. All required operating manuals and mainte-
nance instructions are given to the architect for document control and forwarding
to the client.

10. The contractor submits final waivers of lien from each subcontractor or
material supplier. Also provided is an affidavit stating that all invoices have been
paid, with the exception of those amounts shown on the final waiver of lien. With
these documents, the contractor submits the final consolidated payment request,
including all change orders.

11. The architect sends a final certificate of payment to the client, with a copy
to the contractor.

12. The contractor provides any required certificate of occupancy, indicating that
the building authorities have jurisdiction over the project approve occupancy of the
space for the intended use.

13. The client makes final payment to the contractor and notifies the architect
of this.

This process is important inasmuch as it can trigger the transfer of risk from the
contractor’s insurance program during construction to the client’s insurance program
for the completed project.

2.24 TESTING AND BALANCING OF BUILDING
SYSTEMS

It is normal for projects to go through what is known as a shakedown period after
final acceptance and occupancy by the client or building tenant. The warranty and
guarantee period (normally 1 year) is the contractor’s representation and recognition
that certain building elements and systems may need adjustment or slight modifi-
cation, depending on actual occupancy conditions or normal maintenance and usage
of such systems. The heating, ventilating, air conditioning, and systems unique to
a project require testing and balancing and potential minor modifications and ad-
justments during this warranty and guarantee period, even though they were tested
and balanced by the contractor’s testing agency prior to project closeout. An in-
dependent testing and balancing contractor who was employed prior to final project
closeout normally returns on an as-needed, on-call basis to adjust, test, and balance
systems during the first year. In addition, the building engineer will become familiar
with the systems during this first year of operation and may also adjust and balance
systems.

2.25 POSTCONSTRUCTION OPERATION AND
MAINTENANCE

The technical specifications for a building project normally require that some time
be devoted prior to project closeout for instruction and training of the client’s build-
ing operating personnel and building engineer, who will be responsible for operating
and maintaining the various building systems. Manufacturers’ operating procedures,
manuals, and inventory of spare parts and attic stock should be reviewed with the
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client, building engineer, and the contractor installing the work. The building en-
gineer should thus gain a general understanding of the individual systems and their
interaction in the operation of the building. During the warranty and guarantee
period, the contractor or applicable subcontractor may be requested to assist the
building engineer further in operation and maintenance of a system, including test-
ing, balancing, and minor adjustment. After the shakedown period and when the
engineer thoroughly understands system operation, the client’s personnel assume
full responsibility and deal directly with the manufacturers of various building com-
ponents for maintenance. Or the client may subcontract maintenance, a normal
procedure for such systems as elevators and escalators where specialty expertise in
maintenance is required.

2.26 RECORD DRAWINGS

The normal procedure for submission of record drawings rests primarily with the
contractor. These are edited drawings and specifications submitted by the contractor
that describe actual installed conditions based on the contractor’s field coordination
of the work.

In some instances, the client may request that the architect revise the original
construction documents or prepare new drawings to reflect the as-built conditions.
This is normally an additional service in the architect-client agreement. It should
be made clear to the client that the architect, if brought into this process, is acting
only in a drafting role, inasmuch as the as-built documentation, including dimen-
sions and details, is furnished by, and is the responsibility of, the contractor.

As-built and record drawings are helpful to the client in remodeling, mainte-
nance, building-system modification, or making future additions to the project. The
client should retain the drawings with maintenance manuals and operations pro-
cedures.

2.27 FOLLOW-UP INTERVIEWS

It is advisable that the architect or engineer have follow-up interviews with the
client and occupants of the building or tenant spaces to help ascertain the success
of the project and learn where certain materials, details, equipment, or systems may
be improved for future use in other projects. Good client relations demand this type
of exchange. It is also helpful for the architect or engineer to disseminate the
interview results throughout the office and professional community, to improve
problem solving, design, and construction.

2.28 MANAGEMENT OF DISPUTES

Even in the best of relationships, disputes can arise between the client and architect,
client and contractor, or architect and contractor, even though the architect and
contractor do not normally have a written agreement with each other. Disputes
should be quickly addressed and resolved for the well-being of the project and to
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minimize disruption of the design and building process. If the dispute cannot be
resolved by the parties, various methods of resolution are offered that include
settlement, mediation, arbitration, and litigation. To maintain insurance coverage
and protect appropriate interests, proper notification to insurers or involvement of
legal counsel is required.

Settlement of Disputes. Disputes between two parties should be addressed quickly
and, if at all possible, a settlement should be rendered and recorded. Settlement
can be in the form of monetary adjustments or payments, free services on behalf
of the architect to remedy or correct an error, or such other agreement between the
two parties. It is recommended that this method of dispute resolution be used when-
ever possible to avoid time, cost, and anguish, which can occur as a result of
mediation, arbitration, and litigation.

Mediation. In mediation, the parties in dispute agree on a third independent party
to act as a mediator and hear each side’s position in the dispute in an attempt to
mediate a resolution. Mediation is not binding on either party but helps resolve
certain disputes due to a third party’s focus on, and question of, the issues.

Arbitration. This is a method of handling disputes in which an arbitrator or ar-
bitration panel, often consisting of three members, is selected to hear the positions
of the parties in the dispute and decide on a potential resolution. The resolution is
binding on the parties. Cost and time for arbitration is usually, but not always, less
than that required for litigation. The arbitrators usually consist of professionals
(architects and engineers), lawyers, contractors, or other parties involved in the
building industry.

Litigation. 1In the event settlement or mediation cannot resolve a dispute and the
parties do not wish to arbitrate, the only remaining course of action is to litigate
the dispute. This requires that much time and money be expended for depositions,
document and other discovery, and preparation for trial. The final results are ren-
dered by a group of individuals (the jury) or judge not involved in the building
industry. Therefore, a possession of a thorough knowledge and understanding of
issues affecting the architectural and engineering profession and construction in-
dustry become the responsibility of each party’s legal counsel to establish a true
and accurate picture of each party’s position and the facts in the case. See also
Art. 17.14.

2.29 PROFESSIONAL ETHICS

The American Institute of Architects has formulated the following basic principles
for guidance of architects:

Advice and counsel constitute the service of the profession. Given in verbal, written,
or graphic form, they are normally rendered in order that buildings with their equipment
and the areas about them, in addition to being well suited to their purposes, well planned
for health, safety, and efficient operation and economical maintenance, and soundly
constructed of materials and by methods most appropriate and economical for their
particular uses, shall have a beauty and distinction that lift them above the common-
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place. It is the purpose of the profession of architecture to render such services from
the beginning to the completion of a project.

The fulfillment of that purpose is advanced every time architects render the
highest quality of service they are capable of giving. In particular, the architect’s
drawings, specifications, and other documents should be complete, definite, and
clear concerning the architect’s intentions, the scope of the contractor’s work, the
materials to be employed, and the conditions under which the construction is to be
completed and the work paid for. The relation of architects to their clients depends
on good faith. Architects should explain the exact nature and extent of their services
and the conditional character of construction cost estimates made before final draw-
ings and specifications are complete.

The contractor depends on the architect to guard the contractor’s interests as
well as those of the client. The architect should reject workmanship and materials
that are determined not to be in conformity with the contract documents, but it is
also the architect’s duty to give reasonable aid toward a complete understanding of
those documents so that errors may be avoided. An exchange of information be-
tween architects and those who supply and handle building materials should be
encouraged.

Architects, in their investments and business relations outside the profession,
should avoid financial or personal activities that tend to weaken or discredit their
standing as an unprejudiced and honest adviser, free to act in the client’s best
interests. Permitting use of free architectural or engineering services to be offered
by manufacturers; suppliers of building materials, appliances, and equipment; or
contractors may imply an obligation that can become detrimental to the best interest
of the client.

Architects may offer their services to anyone for commission, salary, or fee as
architect, consultant, adviser, or assistant, provided the architect rigidly maintains
professional integrity, disinterestedness, and freedom to act.

Architects should work together through their professional organizations to pro-
mote the welfare of the physical environment. They should share in the interchange
of technical information and experience.

Architects should seek opportunities to be of service in civic affairs. To the best
of their ability, they should endeavor to advance the safety, health, and well-being
of the community in which they reside by promoting appreciation of good design,
good construction, proper placement of facilities, and harmonious development of
the areas surrounding the facility.

Architects should take action to advance the interests of their personnel, provid-
ing suitable working conditions for them, requiring them to render competent and
efficient services, and paying them adequate and just compensation. Architects
should also encourage and sponsor those who are entering the profession, assisting
them to a full understanding of the functions, duties, and responsibilities of the
architectural profession.

Every architect should contribute toward justice, courtesy, and sincerity in the
profession. In the conduct of their practice, architects should maintain a totally
professional attitude toward those served, toward those who assist in the practice,
toward fellow architects, and toward the members of other professions. Daily per-
formance should command respect to the extent that the profession will benefit
from the example architects set to other professionals and to the public in general.
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PROTECTION AGAINST
HAZARDS

David W. Mock*
Gee & Jenson
West Palm Beach, Florida

A hazard poses the threat that an unwanted event, possibly a catastrophe, may occur.
Risk is the probability that the event will occur. Inasmuch as all buildings are
subject to hazards such as hurricanes, earthquakes, flood, fire, and lightning strikes,
both during and after construction, building designers and contractors have the
responsibility of estimating the risks of these hazards and the magnitudes of the
consequences should the events be realized.

3.1 RISK MANAGEMENT

After the risk of a hazard has been assessed, the building designers and contractors,
guided by building-code, design standards, zoning-code, and health-agency speci-
fications and exercising their best judgment, should decide on an acceptable level
for the risk. With this done, they should then select a cost-effective way of avoiding
the hazard, if possible, or protecting against it so as to reduce the risk of the hazard’s
occurring to within the acceptable level.

Studies of building failures provide information that building designers should
use to prevent similar catastrophes. Many of the lessons learned from failures have
led to establishment of safety rules in building codes. These rules, however, gen-
erally are minimum requirements and apply to ordinary structures. Building de-
signers, therefore, should use judgment in applying code requirements and should
adopt more stringent design criteria where conditions dictate.

Such conditions are especially likely to exist for buildings in extreme climates
or in areas exposed to natural hazards, such as high winds, earthquakes, floods,
landslides, and lightning. Stricter criteria should also be used for buildings that are

*Revised and updated from Sec. 3, “Protection Against Hazards” by the late Frederick S. Merritt,
Consulting Engineer.

3.1
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tall and narrow, are low but very large, have irregular or unusual shapes, house
hazardous material or critical functions, or are of novel construction. Furthermore,
building codes may not contain provisions for some hazards against which building
designers nevertheless should provide protection. Examples of such hazards are
vandalism, trespass, and burglary. In addition, designers should anticipate conditions
that may exist in buildings in emergencies and provide refuge for occupants or safe
evacuation routes.

Building designers also should use judgment in determining. the degree of pro-
tection to be provided against specific hazards. Costs of protection should be com-
mensurate with probable losses from an incident. In many cases, for example, it is
uneconomical to construct a building that will be immune to extreme earthquakes,
high winds of tornadoes, arson, bombs, burst dams, or professional burglars. Full
protection, however, should always be provided against hazards with a high prob-
ability of occurrence accompanied by personal injuries or high property losses. Such
hazards include hurricanes and gales, fire, and vandals.

Structures containing extremely valuable contents or critical equipment justify-
ing design for even the most extreme events may require special hardened rooms
or areas.

3.1.1 Design Life of Buildings

For natural phenomena, design criteria may be based on the probability of occur-
rence of extreme conditions, as determined from statistical studies of events in
specific localities. These probabilities are often expressed as mean recurrence in-
tervals.

A mean recurrence interval of an extreme condition is the average time, in
years, between occurrences of a condition equal to or worse than the specified
extreme condition. For example, the mean recurrence interval of a wind of 60 mi/
hr or more may be recorded for Los Angeles as 50 years. Thus, after a building
has been erected in Los Angeles, chances are that in the next 50 years it will be
subjected only once to a wind of 60 mi/hr or more. Consequently, if the building
was assumed to have a 50-year life, designers might logically design it basically
for a 60-mi/hr wind, with a safety factor included in the design to protect against
low-probability faster winds. Mean recurrence intervals are the basis for minimum
design loads for high winds, snowfall, and earthquake in many building codes.

3.1.2 Safety Factors

Design of buildings for both normal and emergency conditions should always in-
corporate a safety factor against failure. The magnitude of the safety factor should
be selected in accordance with the importance of a building, the extent of personal
injury or property loss that may result if a failure occurs, and the degree of uncer-
tainty as to the magnitude or nature of loads and the properties and behavior of
building components.

As usually incorporated in building codes, a safety factor for quantifiable system
variables is a number greater than unity. The factor may be applied in either of two
ways.

One way is to relate the maximum permissible load, or demand, on a system
under service conditions to design capacity. This system property is calculated by
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dividing by the safety factor the ultimate capacity, or capacity at failure, for sus-
taining that type of load. For example, suppose a structural member assigned a
safety factor of 2 can carry 1000 1b before failure occurs. The service load then is
1000/2 = 500 1b.

The second way in which codes apply safety factors is to relate the ultimate
capacity of a system, to a design load. This load is calculated by multiplying the
maximum load under service conditions by a safety factor, often referred to as a
load factor. For example, suppose a structural member assigned a load factor of 2
is required to carry a service load of 500 Ib. Then, the member should be designed
to have a capacity for sustaining a design load of 500 X 2 = 1000 lb, without
failing.

While both methods achieve the objective of providing reserve capacity against
unexpected conditions, use of load factors offers the advantage of greater flexibility
in design of a system for a combination of different loadings, because a different
load factor can be assigned to each type of loading in accordance with probability
of occurrence and effects of other uncertainties.

Safety factors for various building systems are discussed in following sections
of the book. This section presents general design principles for protection of build-
ings and occupants against high winds, earthquakes, water, fire, lightning, and in-
truders.

3.2 WIND PROTECTION

For practical design, wind and earthquakes may be treated as horizontal, or lateral,
loads. Although wind and seismic loads may have vertical components, these gen-
erally are small and readily resisted by columns and bearing walls. Vertical earth-
quake components can be important in the design of connections as in precast
concrete structures. Wind often generates significant uplift forces that require spe-
cial attention to vertical restraint and lateral support for members in reverse bending.

The variation with height of the magnitude of a wind load for a multistory
building differs from that of a seismic load. Nevertheless, provisions for resisting
either type of load are similar.

In areas where the probability of either a strong earthquake or a high wind is
small, it is nevertheless advisable to provide in buildings considerable resistance to
both types of load. In many cases, such resistance can be incorporated with little
or no increase in costs over designs that ignore either high wind or seismic resis-
tance.

3.2.1 Wind Characteristics

Because wind loads are considered horizontal forces, wind pressure, for design
purposes, should be assumed to be applied to the gross area of the vertical projec-
tion of that portion of the building above the average level of the adjoining ground.
Although the loads are assumed to be horizontal, they may nevertheless apply either
inward pressures or suctions to inclined and horizontal surfaces. In any case, wind
loads should be considered to act normal to the exposed building surfaces. Fur-
thermore, wind should be considered to be likely to come from any direction unless
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it is known for a specific locality that extreme winds may come only from one
direction. As a consequence of this assumption, each wall of a rectangular building
should be considered in design to be subject to the maximum wind load.

Winds generally strike a building in gusts. Consequently, the building is sub-
jected to dynamic loading. Nevertheless, except for unusually tall or narrow build-
ings, it is common practice to treat wind as a static loading, even though wind
pressures are not constant. High velocity winds can cause considerable vibrations,
particularly in lighter more flexible structures. Therefore, connections that tend to
loosen under heavy vibration should be avoided.

Estimation of design wind pressures is complicated by several factors. One factor
is the effect of natural and man-made obstructions along the ground. Another factor
is the variation of wind velocity with height above ground. Still another factor
complicating wind-pressure calculation is the effect of building or building com-
ponent shape or geometry (relationship of height or width to length) on pressures.
For important buildings, it is advisable to base design wind pressures on the results
of wind tunnel tests of a model of a building, neighboring buildings, and nearby
terrain.

3.2.2 Wind Pressures and Suctions

Pressures are considered positive when they tend to push a building component
toward the building interior. They are treated as negative for suctions or uplifts,
which tend to pull components outward.

Figure 3.1a illustrates wind flow over the sloping roof of a low building. For
roofs with inclines up to about 30°, the wind may create an uplift over the entire
roof (Fig. 3.1b). Also, as shown in Fig. 3.15 and c, the pressure on the external
face of the windward wall is positive and on the leeward wall, negative (suction).
If there are openings in the walls, the wind will impose internal pressures on the
walls, floors, and roof. The net pressure on any building component, therefore, is
the vector sum of the pressures acting on opposite faces of the component.

Because of the wind characteristics described in Art. 3.2.1 and the dependence
of wind pressures on building geometry, considerable uncertainty exists as to the
magnitude, direction, and duration of the maximum wind loads that may be imposed
on any portion of a specific building. Consequently, numerous assumptions, based
to some extent on statistical evidence, generally are made to determine design wind
loads for buildings. Minimum requirements for wind loads are presented in local
and model building codes.

Codes usually permit design wind loads to be determined either by mathematical
calculations in accordance with an analytical procedure specified in the code or by
wind-tunnel tests. Such tests are advisable for structures with unusual shapes, un-
usual response to lateral loading, or location where channeling effects or buffeting
in the wake of upwind obstructions are likely to occur. Tests also are desirable
where wind records are not available or when more accurate information is needed.
Codes often require that the following conditions be met in execution of wind-
tunnel tests:

1. Air motion should be modeled to account for variation of wind speed with
elevation and the intensity of the longitudinal component of turbulence.

2. The geometric scale of the model should not be greater than 3 times that of the
longitudinal component of turbulence.
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FIGURE 3.1 Effects of wind on a low building with pitched roof. () Airflow at the building. (b)
Wind applies inward pressure against the windward wall, suction on the leeward wall, and uplift
over all of a roof with slight slopes. (¢) With a steep roof, inward pressure acts on the windward
side of the roof and uplift only on the leeward side. (d) Pressure distribution along walls and roof
assumed for design of wind bracing of a building.

3. Instruments used should have response characteristics consistent with the re-
quired accuracy of measurements to be recorded.

4. Account should be taken of the dependence of forces and pressures on the
Reynolds number of the air motion.

5. Tests for determining the dynamic response of a structure should be conducted
on a model scaled with respect to dimensions, mass distribution, stiffness, and
damping of the proposed structure.

In the analytical methods specified by building codes, maximum wind speeds
observed in a region are converted to velocity pressures. These are then multiplied
by various factors, to take into account building, site, and wind characteristics, to
obtain design static wind loads. Bear in mind, however, that, in general, code re-
quirements are applicable to pressures considerably smaller than those created by
tornadoes, which may have wind speeds up to 600 mi/hr. For more information on
wind loads, see Art. 5.1.2.

3.2.3 Failure Modes

Consideration of the ways in which winds may damage or destroy buildings sug-
gests provisions that should be made to prevent failures. Past experience with build-
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ing damage by winds indicates buildings are likely to fail by overturning; sliding;
separation of components; excessive sway, or drift; or structural collapse. Light-
weight and open-sided structures may be subject to failure either partially, or
wholly, due to uplift.

Subjected to lateral forces W, and uplift U, a building may act as a rigid body
and overturn. It would tend to rotate about the edge of its base on the leeward side
(Fig. 3.2a). Overturning is resisted by the weight of the building M with a lever
arm e¢ measured from the axis of rotation. Building codes usually require that

Me = 1.5Wh 3.1)

where Wh is the overturning moment.

Resistance to overturning may be increased by securely anchoring buildings to
foundations. When this is done, the weight of earth atop the footings and pressing
against foundation walls may be included with the weight of the building.

In addition to the danger of overturning, there is the risk of a building being
pushed laterally by high winds. Sliding is resisted by friction at the base of the
footings and earth pressure against foundation walls (Fig. 3.2b). (Consideration
should be given to the possibility that soil that is highly resistant to building move-
ment when dry may become weak when wet.) Another danger is that a building
may be pushed by wind off the foundations (Fig. 3.2¢). Consequently, to prevent
this, a building should be firmly anchored to its foundations.

Buildings also may be damaged by separation of other components from each
other. Therefore, it is essential that all connections between structural members and
between other components and their supports be capable of resisting design wind
loads. The possibility of separation of components by uplift or suction should not
be overlooked. Such pressures can slide a roof laterally or lift it from its supports,
tear roof coverings, rip off architectural projections, and suck out windows. Failure
of a roof diaphragm or bracing can result in failure of the entire structure.

Another hazard is drift (sway) or collapse without overturning or sliding. Ex-
cessive drift when the wind rocks a building can cause occupant discomfort, induce
failure of structural components by fatigue, or lead to complete collapse of the
structure. The main resistance to drift usually is provided by structural components,
such as beams, columns, bracing, and walls that are also assigned the task of
supporting gravity loads. Some means must be provided to transmit wind or seismic
loads from these members to the foundations and thence to the ground. Otherwise,
the building may topple like a house of cards (Fig. 3.2d).
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FIGURE 3.2 Some ways in which wind may destroy a building: (a) overturning; (b) sliding
through the ground; (c) sliding off the foundations; (d) excessive drift (sidesway).
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Consideration should also be given to the potential for wind blown debris im-
pacting a structure and damaging critical lateral force resisting elements.

3.2.4 Limitation of Drift

There are no generally accepted criteria for maximum permissible lateral deflections
of buildings. Some building codes limit drift of any story of a building to a max-
imum of 0.25% of the story height for wind and 0.50% of the story height for
earthquake loads. Drift of buildings of unreinforced masonry may be restricted to
half of the preceding values. The severer limitation of drift caused by wind loads
is applied principally because they are likely to occur more frequently than earth-
quakes and will produce motions that will last much longer.

Three basic methods are commonly used, separately or in combination with each
other, to prevent collapse of buildings under lateral loads, limit drift and transmit
the loads to the foundations. These methods are illustrated in Fig. 3.3. One method
is to incorporate shear walls in a building. A shear wall is a vertical cantilever with
high resistance to horizontal loads parallel to its length (Fig. 3.3a). A pair of per-
pendicular walls can resist wind from any direction, because any wind load can be
resolved into components in the planes of the walls (Fig. 3.3b). Diaphragms de-
veloped from wall, floor, and roof sheating can function similar to solid shear walls
when properly attached and laterally supported.

A second method of providing resistance to lateral loads is to incorporate di-
agonal structural members to carry lateral forces to the ground (Fig. 3.3¢). (The
diagonals in Fig. 3.3c are called X bracing. Other types of bracing are illustrated
in Fig. 3.6.) Under lateral loads, the braced bays of a building act like cantilever
vertical trusses. The arrows in Fig. 3.3¢ show the paths taken by wind forces from
points of application to the ground. Note that the lateral loads impose downward
axial forces on the leeward columns, causing compression, and uplift on the wind-
ward columns, causing tension.

A third method of providing resistance to lateral loads is to integrate the beams,
or girders, and columns into rigid frames (Fig. 3.3d). In a rigid frame, connections
between horizontal and vertical components prevent any change of angle between
the members under loads. (Drift can occur only if beams and columns bend.) Such
joints are often referred to as rigid, moment, or wind connections. They prevent
the frame from collapsing in the manner shown in Fig. 3.2d until the loads are so
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FIGURE 3.3 Some ways of restricting drift of a building: (a) shear wall; (b) pair of perpendicular
shear walls; (¢) diagonal bracing; (d) rigid frames.
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large that the strength of the members and connections is exhausted. Note that in
a rigid frame, leeward columns are subjected to bending and axial compression and
windward columns are subjected to bending and axial tension.

In addition to using one or more of the preceding methods, designers can reduce
drift by proper shaping of buildings, arrangements of structural components, and
selection of members with adequate dimensions and geometry to withstand changes
in dimensions. Shape is important because low, squat buildings have less sidesway
than tall, narrow buildings, and buildings with circular or square floor plans have
less sidesway than narrow rectangular buildings with the same floor area per story.

Low Buildings. Figure 3.4a illustrates the application of diagonal bracing to a
low, industrial-type building. Bracing in the plane of the roof acts with the rafters,
ridge beam, and an edge roof beam as an inclined truss, which resists wind pres-
sures on the roof. Each truss transmits the wind load to the ends of the building.
Diagonals in the end walls transmit the load to the foundations. Wind pressure on
the end walls is resisted by diagonal bracing in the end panels of the longitudinal
walls. Wind pressure on the longitudinal walls, like wind on the roof, is transmitted
to the end walls.

For large buildings, rigid frames are both structurally efficient and economic.

Alternatively, for multistory buildings, shear walls may be used. Figure 3.4b
shows shear walls arranged in the shape of a T in plan, to resist wind from any
direction. Figure 3.4c¢ illustrates the use of walls enclosing stairwells and elevator
shafts as shear walls. In apartment buildings, closet enclosures also can serve as
shear walls if designed for the purpose. Figure 3.4d shows shear walls placed at
the ends of a building to resist wind on its longitudinal walls. Wind on the shear
walls, in turn, is resisted by girders and columns in the longitudinal direction acting
as rigid frames. (See also Art. 5.12.)

Tall Buildings. For low buildings, structural members sized for gravity loads may
require little or no enlargement to also carry stresses due to lateral loads. For tall
buildings, however, structural members often have to be larger than sizes necessary
only for gravity loads. With increase in height, structural material requirements
increase rapidly. Therefore, for tall buildings, designers should select wind-bracing
systems with high structural efficiency to keep material requirements to a minimum.
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FIGURE 3.4 Bracing of low buildings: (a) diagonal bracing in roofs and walls; (b) isolated pairs
of shear walls in a T pattern; (c) service-core enclosure used as shear walls; (d) shear walls at ends
of building and rigid frames in the perpendicular direction.
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While shear walls, diagonal bracing, and rigid frames can be used even for very
tall buildings, simple framing arrangements, such as planar systems, are not so
efficient in high structures as more sophisticated framing. For example, shear walls
or rigid frames in planes parallel to the lateral forces (Fig. 3.5a) may sway consid-
erably at the top if the building is tall (more than 30 stories) and slender. Resistance
to drift may be improved, however, if the shear walls are arranged in the form of
a tube within the building (Fig. 3.5b). (The space within the tube can be utilized
for stairs, elevators, and other services. This space is often referred to as the service
core.) The cantilevered tube is much more efficient in resisting lateral forces than
a series of planar, parallel shear walls containing the same amount of material.
Similarly, rigid frames and diagonal bracing may be arranged in the form of an
internal tube to improve resistance to lateral forces.

The larger the size of the cantilevered tube for a given height, the greater will
be its resistance to drift. For maximum efficiency of a simple tube, it can be ar-
ranged to enclose the entire building (Fig. 3.5¢) For the purpose, bracing or a rigid
frame may be erected behind or in the exterior wall, or the exterior wall itself may
be designed to act as a perforated tube. Floors act as horizontal diaphragms to brace
the tube and distribute the lateral forces to it.

For very tall buildings, when greater strength and drift resistance are needed
than can be provided by a simple tube, the tube around the exterior may be aug-
mented by an internal tube (Fig. 3.5d) or by other arrangements of interior bracing,
such as shear walls attached and perpendicular to the exterior tube. As an alter-
native, a very tall building may be composed of several interconnected small tubes,
which act together in resisting lateral forces (Fig. 3.5¢). Known as bundled tubes,
this type of framing offers greater flexibility in floor-area reduction at various levels
than a tube-within-tube type, because the tubes in a bundle can differ in height.

Diagonal bracing is more efficient in resisting drift than the other methods,
because the structural members carry the loads to the foundations as axial forces,
as shown in Fig. 3.3c, rather than as a combination of bending, shear, and axial

(0} (b) (c) (d) (e)

FIGURE 3.5 Bracing of tall buildings: (a) diagonal bracing, rigid frames, or shear walls
placed in planes (bents) parallel to the lateral forces; (b) interior tube enclosing service core;
(c) perforated tube enclosing the building; (d) tube within a tube; (e¢) bundled tubes.
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forces. Generally, the bracing is arranged to form trusses composed of triangular
configurations, because of the stability of such arrangements. The joints between
members comprising a triangle cannot move relative to each other unless the length
of the members changes. Figure 3.6a illustrates the use of X bracing in the center
bay of a multistory building to form a vertical cantilever truss to resist lateral forces.

Other forms of bracing, however, may be used as an alternative to reduce ma-
terial requirements or to provide more space for wall penetrations, such as doors
and windows. Figure 3.6b shows how a single diagonal can be used in the center
bay to form a vertical truss. In large bays, however, the length of the diagonal may
become too long for structural efficiency. Hence, two or more diagonals may be
inserted in the bay instead, as shown in Fig. 3.6¢ to e. The type of bracing in Fig.
3.6¢ is known as K bracing; that in Fig. 3.6d, as V bracing; and that in Fig. 3.6e,
as inverted V bracing. The V type, however, has the disadvantage of restricting
deflection of the beams to which the diagonals are attached and thus compelling
the diagonals to carry gravity loads applied to the beams.

The bracing shown in Fig. 3.6a to e has the disadvantage of obstructing the bay
and interfering with placement of walls, doors, passageways, and, for bracing along
the building exterior, placement of windows. Accordingly, the inverted V type often
is converted to knee bracing, short diagonals placed near beam-to-column joints.
When knee bracing also is architecturally objectionable because of interference with
room arrangements, an alternative form of wind bracing, such as rigid frames or
shear walls, has to be adopted.

Trusses also can be placed horizontally to stiffen buildings for less drift. For
example, Fig. 3.6f shows a building with wind bracing provided basically by an
internal vertical cantilever tube. A set of horizontal trusses at the roof and a similar
set at an intermediate level tie the tube to the exterior columns. The trusses reduce
the drift at the top of the building by utilizing bending resistance of the columns.
A belt of horizontal trusses around the building exterior at the roof and the inter-
mediate level also helps resist drift of the building by utilizing bending resistance
of the exterior columns.

When not considered architecturally objectionable, diagonal bracing may be
placed on the building exterior to form a braced tube. The bracing may also serve
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FIGURE 3.6 Some types of diagonal bracing: (a) X bracing in an interior bent; (b)
single diagonal; (c) K bracing; (d) V bracing; (e) inverted V bracing; (f) horizontal
trusses at the roof and intermediate levels to restrict drift; (g) X bracing on the exterior
of a building.
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as columns to transmit floor and roof loads to the ground. Figure 3.6g shows how
multistory X bracing has been used to create a braced tube for a skyscraper.

See also Arts. 3.3.5, 5.18-19, and Secs. 7 through 10.

(Council on Tall Buildings and Urban Habitat, ‘“Planning and Design of Tall
Buildings,” Vols. SC, SB, and CB, American Society of Civil Engineers, New York;
E. Simiu and R. H. Scanlon, “Wind Effects on Structures,” John Wiley & Sons,
Inc., New York; Minimum Design Loads for Tall Buildings and Other Structures
ANSI/ASCE 7-98, American Society of Civil Engineers, New York.)

3.3 PROTECTION AGAINST EARTHQUAKES

Buildings should be designed to withstand minor earthquakes without damage, be-
cause they may occur almost everywhere. For major earthquakes, it may not be
economical to prevent all damage but collapse should be precluded.

Because an earthquake and a high wind are not likely to occur simultaneously,
building codes usually do not require that buildings be designed for a combination
of large seismic and wind loads. Thus, designers may assume that the full strength
of wind bracing is also available to resist drift caused by earthquakes.

The methods of protecting against high winds described in Art. 3.2.4 may also
be used for protecting against earthquakes. Shaking of buildings produced by tem-
blors, however, is likely to be much severer than that caused by winds. Conse-
quently, additional precautions must be taken to protect against earthquakes. Be-
cause such protective measures will also be useful in resisting unexpectedly high
winds, such as those from tornadoes, however, it is advisable to apply aseismic
design principles to all buildings.

These principles require that collapse be avoided, oscillations of buildings
damped, and damage to both structural and nonstructural components minimized.
Nonstructural components are especially liable to damage from large drift. For
example, walls are likely to be stiffer than structural framing and therefore subject
to greater seismic forces. The walls, as a result, may crack or collapse. Also, they
may interfere with planned actions of structural components and cause additional
damage. Consequently, aseismic design of buildings should make allowance for
large drift, for example, by providing gaps between adjoining buildings and between
adjoining building components not required to be rigidly connected together and
by permitting sliding of such components. Thus, partitions and windows should be
free to move in their frames so that no damage will occur when an earthquake
wracks the frames. Heavy elements in buildings, such as water tanks, should be
firmly anchored to prevent them from damaging critical structural components.
Displacement of gas hot water heaters is a common cause of gas fires following
earthquakes.

3.3.1 Earthquake Characteristics

Earthquakes are produced by sudden release of tremendous amounts of energy
within the earth by a sudden movement at a point called the hypocenter. (The point
on the surface of the earth directly above the hypocenter is called the epicenter.)
The resulting shock sends out longitudinal, vertical, and transverse vibrations in all
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directions, both through the earth’s crust and along the surface, and at different
velocities. Consequently, the shock waves arrive at distant points at different times.

As a result, the first sign of the advent of an earthquake at a distant point is
likely to be faint surface vibration of short duration as the first longitudinal waves
arrive at the point. Then, severe shocks of longer duration occur there, as other
waves arrive.

Movement at any point of the earth’s surface during a temblor may be recorded
with seismographs and plotted as seismograms, which show the variation with time
of displacements. Seismograms of past earthquakes indicate that seismic wave
forms are very complex.

Ground accelerations are also very important, because they are related to the
inertial forces that act on building components during an earthquake. Accelerations
are recorded in accelerograms, which are a plot of the variation with time of com-
ponents of the ground accelerations. Newton’s law relates acceleration to force:

F=Ma=—a (3.2)

where F' = force, Ib
M = mass accelerated
a = acceleration of the mass, ft/s?
W = weight of building component accelerated, 1b
g = acceleration due to gravity = 32.2 ft/s?

3.3.2 Seismic Scales

For study of the behavior of buildings in past earthquakes and application of the
information collected to contemporary aseismic design, it is useful to have some
quantitative means for comparing earthquake severity. Two scales, the Modified
Merecalli and the Richter, are commonly used in the United States.

The Modified Mercalli scale compares earthquake intensity by assigning values
to human perceptions of the severity of oscillations and extent of damage to build-
ings. The scale has 12 divisions. The severer the reported oscillations and damage,
the higher is the number assigned to the earthquake intensity (Table 3.1).

The Richter scale assigns numbers M to earthquake intensity in accordance with
the amount of energy released, as measured by the maximum amplitude of ground
motion:

1
M =1logA — 1.73 log % (3.3)

where M = earthquake magnitude 100 km from epicenter
A = maximum amplitude of ground motion, micrometers
D = distance, km, from epicenter to point where A is measured

The larger the ground displacement at a given location, the higher the value of the
number assigned on the Richter scale. A Richter magnitude of 8 corresponds ap-
proximately to a Modified Mercalli intensity of XI, and for smaller intensities,
Richter scale digits are about one unit less than corresponding Mercalli Roman
numerals.
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TABLE 3.1 Modified Mercalli Intensity Scale (Abridged)

Intensity Definition
I Detected only by sensitive instruments.
II Felt by a few persons at rest, especially on upper floors. Delicate suspended
objects may swing.

III Felt noticeably indoors; not always recognized as an earthquake. Standing
automobiles rock slightly. Vibration similar to that caused by a passing
truck.

v Felt indoors by many, outdoors by few; at night some awaken. Windows,
dishes, doors rattle. Standing automobiles rock noticeably.

v Felt by nearly everyone. Some breakage of plaster, windows, and dishes.
Tall objects disturbed.

VI Felt by all; many frightened and run outdoors. Falling plaster and damaged
chimneys.

Vil Everyone runs outdoors. Damage of buildings negligible to slight, depending
on quality of construction. Noticeable to drivers of automobiles.
VIII Damage slight to considerable in substantial buildings, great in poorly

constructed structures. Walls thrown out of frames; walls, chimneys,
monuments fall; sand and mud ejected.

X Considerable damage to well-designed structures; structures shifted off
foundations; buildings thrown out of plumb; underground pipes damaged.
Ground cracked conspicuously.

X Many masonry and frame structures destroyed; rails bent; water splashed
over banks; landslides; ground cracked.

XI Bridges destroyed; rails bent greatly; most masonry structures destroyed;
underground service pipes out of commission; landslides; broad fissures in
ground.

XII Total damage. Waves seen in surface level; lines of sight and level distorted;

objects thrown into air.

3.3.3 Effects of Ground Conditions

The amplitude of ground motion at a specific location during an earthquake depends
not only on distance from the epicenter but also on the types of soil at the location.
(Some soils suffer a loss of strength in an earthquake and allow large, uneven
foundation settlements, which cause severe property damage.) Ground motion usu-
ally is much larger in alluvial soils (sands or clays deposited by flowing water) than
in rocky areas or diluvial soils (material deposited by glaciers). Reclaimed land or
earth fills generally undergo even greater displacements than alluvial soils. Con-
sequently, in selection of sites for structures in zones where severe earthquakes are
highly probable during the life of the structures, preference should be given to sites
with hard ground or rock to considerable depth, with sand and gravel as a less
desirable alternative and clay as a poor choice.

3.3.4 Seismic Forces

During an earthquake, the ground may move horizontally in any direction and up
and down, shifting the building foundations correspondingly. Inertial forces, or seis-
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mic loads, on the building resist the displacements. Major damage usually is caused
by the horizontal components of these loads, inasmuch as vertical structural mem-
bers and connections generally have adequate strength to resist the vertical com-
ponents. Hence, as for wind loads, buildings should be designed to resist the max-
imum probable horizontal component applied in any direction. Vertical components
of force must be considered in design of connections in high mass prefabricated
elements such as precast concrete slabs and girders.

Seismic forces vary rapidly with time. Therefore, they impose a dynamic loading
on buildings. Calculation of the building responses to such loading is complex (Art.
5.18.6) and is usually carried out only for important buildings that are very tall and
slender. For other types of buildings, building codes generally permit use of an
alternative static loading for which structural analysis is much simpler (Art. 5.19).

3.3.5 Aseismic Design

The basic methods for providing wind resistance—shear walls, diagonal bracing,
and rigid frames (Art. 3.2.4) are also suitable for resisting seismic loads. Ductile
rigid frames, however, are preferred because of large energy-absorbing capacity.
Building codes encourage their use by permitting them to be designed for smaller
seismic loads than those required for shear walls and diagonal bracing. (Ductility
is a property that enables a structural member to undergo considerable deformation
without failing. The more a member deforms, the more energy it can absorb and
therefore the greater is the resistance it can offer to dynamic loads.)

For tall, slender buildings, use of the basic methods alone in limiting drift to an
acceptable level may not be cost-effective. In such cases, improved response to the
dynamic loads may be improved by installation of heavy masses near the roof, with
their movements restricted by damping devices. Another alternative is installation
of energy-absorbing devices at key points in the structural framing, such as at the
bearings of bottom columns or the intersections of cross bracing.

Designers usually utilize floors and roofs, acting as horizontal diaphragms, to
transmit lateral forces to the resisting structural members. Horizontal bracing, how-
ever, may be used instead. Where openings occur in floors and roofs, for example
for floors and elevators, structural framing should be provided around the openings
to bypass the lateral forces.

As for wind loads, the weight of the building and of earth adjoining foundations
are the only forces available to prevent the horizontal loads from overturning the
building. [See Eq. (3.1) in Art. 3.2.3.] Also, as for wind loads, the roof should be
firmly anchored to the superstructure framing, which, in turn, should be securely
attached to the foundations. Furthermore, individual footings, especially pile and
caisson footings, should be tied to each other to prevent relative movement.

Building codes often limit the drift per story under the equivalent static seismic
load (see Art. 5.19.3). Connections and intersections of curtain walls and partitions
with each other or with the structural framing should allow for a relative movement
of at least twice the calculated drift in each story. Such allowances for displacement
may be larger than those normally required for dimensional changes caused by
temperature variations.

See also Art. 5.19.

(N. M. Newmark and E. Rosenblueth, ‘“Fundamentals of Earthquake Engineer-
ing,” and J. S. Stratta, “Manual of Seismic Design,” Prentice-Hall, Englewood
Cliffs, N.J.; “Standard Building Code,” Southern Building Code Congress Inter-
national, Inc., 900 Montclair Road, Birmingham, AL 35213-1206; “Uniform Build-
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ing Code,” International Conference of Building Officials, Inc., 5360 South Work-
man Mill Road, Whittier, CA 90601.)

3.4 PROTECTION AGAINST WATER

Whether thrust against and into a building by a flood, driven into the interior by a
heavy rain, leaking from plumbing, storm surge, or seeping through the exterior
enclosure, water can cause costly damage to a building. Consequently, designers
should protect buildings and their contents against water damage.

Protective measures may be divided into two classes: floodproofing and water-
proofing. Floodproofing provides protection against flowing surface water, com-
monly caused by a river overflowing its banks. Waterproofing provides protection
against penetration through the exterior enclosure of buildings of groundwater, rain-
water, and melting snow. Buildings adjacent to large water bodies may also require
protection from undermining due to erosion and impact from storm driven waves.

3.4.1 Floodproofing

A flood occurs when a river rises above an elevation, called flood stage, and is not
prevented by enclosures from causing damage beyond its banks. Buildings con-
structed in a flood plain, an area that can be inundated by a flood, should be
protected against a flood with a mean recurrence interval of 100 years. Maps
showing flood-hazard areas in the United States can be obtained from the Federal
Insurance Administrator, Department of Housing and Urban Development, who
administers the National Flood Insurance Program. Minimum criteria for flood-
proofing are given in National Flood Insurance Rules and Regulations (Federal
Register, vol. 41, no. 207, Oct. 26, 1976).

Major objectives of floodproofing are to protect fully building and contents from
damage from a 100-year flood, reduce losses from more devastating floods, and
lower flood insurance premiums. Floodproofing, however, would be unnecessary if
buildings were not constructed in flood prone areas. Building in flood prone areas
should be avoided unless the risk to life is acceptable and construction there can
be economically and socially justified.

Some sites in flood prone areas possess some ground high enough to avoid flood
damage. If such sites must be used, buildings should be clustered on the high areas.
Where such areas are not available, it may be feasible to build up an earth fill, with
embankments protected against erosion by water, to raise structures above flood
levels. Preferably, such structures should not have basements, because they would
require costly protection against water pressure.

An alternative to elevating a building on fill is raising it on stilts (columns in
an unenclosed space). In that case, utilities and other services should be protected
against damage from flood flows. The space at ground level between the stilts may
be used for parking automobiles, if the risk of water damage to them is acceptable
or if they will be removed before flood waters reach the site.

Buildings that cannot be elevated above flood stage should be furnished with an
impervious exterior. Windows should be above flood stage, and doors should seal
tightly against their frames. Doors and other openings may also be protected with
a flood shield, such as a wall. Openings in the wall for access to the building may
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be protected with a movable flood shield, which for normal conditions can be stored
out of sight and then positioned in the wall opening when a flood is imminent.

To prevent water damage to essential services for buildings in flood plains,
important mechanical and electrical equipment should be located above flood level.
Also, auxiliary electric generators to provide some emergency power are desirable.
In addition, pumps should be installed to eject water that leaks into the building.
Furthermore, unless a building is to be evacuated in case of flood, an emergency
water supply should be stored in a tank above flood level, and sewerage should be
provided with cutoff valves to prevent backflow.

3.4.2 Waterproofing*

In addition to protecting buildings against floods, designers also should adopt mea-
sures that prevent groundwater, rainwater, snow, or melted snow from penetrating
into the interior through the exterior enclosure. Water may leak through cracks,
expansion joints or other openings in walls and roofs, or through cracks around
windows and doors. Also, water may seep through solid but porous exterior ma-
terials, such as masonry. Leakage generally may be prevented by use of weather-
stripping around windows and doors, impervious waterstops in joints, or calking of
cracks and other openings. Methods of preventing seepage, however, depend on the
types of materials used in the exterior enclosure.

Definitions of Terms Related to Water Resistance

Permeability. Quality or state of permitting passage of water and water vapor
into, through, and from pores and interstices, without causing rupture or dis-
placement.

Terms used in this section to describe the permeability of materials, coatings, struc-
tural elements, and structures follow in decreasing order of permeability:

Pervious or Leaky. Cracks, crevices, leaks, or holes larger than capillary pores,
which permit a flow or leakage of water, are present. The material may or may
not contain capillary pores.

Water-resistant. Capillary pores exist that permit passage of water and water
vapor, but there are few or no openings larger than capillaries that permit leakage
of significant amounts of water.

Water-repellent. Not “wetted” by water; hence, not capable of transmitting water
by capillary forces alone. However, the material may allow transmission of water
under pressure and may be permeable to water vapor.

Waterproof. No openings are present that permit leakage or passage of water and
water vapor; the material is impervious to water and water vapor, whether under
pressure or not.

These terms also describe the permeability of a surface coating or a treatment
against water penetration, and they refer to the permeability of materials, structural
members, and structures whether or not they have been coated or treated.

*Excerpted with minor revisions from Sec. 12 of the third edition of this handbook, authored by Cyrus
C. Fishburn, formerly with the Division of Building Technology, National Bureau of Standards.
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Permeability of Concrete and Masonry. Concrete contains many interconnected
voids and openings of various sizes and shapes, most of which are of capillary
dimensions. If the larger voids and openings are few in number and not directly
connected with each other, there will be little or no water penetration by leakage
and the concrete may be said to be water-resistant.

Concrete in contact with water not under pressure ordinarily will absorb it. The
water is drawn into the concrete by the surface tension of the liquid in the wetted
capillaries.

Water-resistant concrete for buildings should be a properly cured, dense, rich
concrete containing durable, well-graded aggregate. The water content of the con-
crete mix should be as low as is compatible with workability and ease of placing
and handling. Resistance of concrete to penetration of water may be improved,
however, by incorporation of a water-repellent admixture in the mix during man-
ufacture. (See also Art. 9.9.)

Water-repellent concrete is permeable to water vapor. If a vapor-pressure gra-
dient is present, moisture may penetrate from the exposed face to an inner face.
The concrete is not made waterproof (in the full meaning of the term) by the use
of an integral water repellent. Note also that water repellents may not make concrete
impermeable to penetration of water under pressure. They may, however, reduce
absorption of water by the concrete.

Most masonry units also will absorb water. Some are highly pervious under
pressure. The mortar commonly used in masonry will absorb water too but usually
contains few openings permitting leakage.

Masonry walls may leak at the joints between the mortar and the units, however.
Except in single-leaf walls of highly pervious units, leakage at the joints results
from failure to fill them with mortar and poor bond between the masonry unit and
mortar. As with concrete, rate of capillary penetration through masonry walls is
small compared with the possible rate of leakage.

Capillary penetration of moisture through above-grade walls that resist leakage
of wind-driven rain is usually of minor importance. Such penetration of moisture
into well-ventilated subgrade structures may also be of minor importance if the
moisture is readily evaporated. However, long-continued capillary penetration into
some deep, confined subgrade interiors frequently results in an increase in relative
humidity, a decrease in evaporation rate, and objectionable dampness.

3.4.3 Roof Drainage

Many roof failures have been caused by excessive water accumulation. In most
cases, the overload that caused failure was not anticipated in design of those roofs,
because the designers expected rainwater to run off the roof. But because of in-
adequate drainage, the water ponded instead.

On flat roofs, ponding of rainwater causes structural members to deflect. The
resulting bowing of the roof surface permits more rainwater to accumulate, and the
additional weight of this water causes additional bowing and collection of even
more water. This process can lead to roof collapse. Similar conditions also can
occur in the valleys of sloping roofs.

To avoid water accumulation, roofs should be sloped toward drains and pipes
that have adequate capacity to conduct water away from the roofs, in accordance
with local plumbing codes. Minimum roof slope for drainage should be at least %
in/ft, but larger slopes are advisable.
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The primary drainage system should be supplemented by a secondary drainage
system at a higher level to prevent ponding on the roof above that level. The
overflow drains should be at least as large as the primary drains and should be
connected to drain pipes independent of the primary system or scuppers through
the parapets. The roof and its structural members should be capable of sustaining
the weight of all rainwater that could accumulate on the roof if part or all of the
primary drainage system should become blocked.

3.4.4 Drainage for Subgrade Structures

Subgrade structures located above groundwater level in drained soil may be in
contact with water and wet soil for periods of indefinite duration after long-
continued rains and spring thaws. Drainage of surface and subsurface water, how-
ever, may greatly reduce the time during which the walls and floor of a structure
are subjected to water, may prevent leakage through openings resulting from poor
workmanship and reduce the capillary penetration of water into the structure. If
subsurface water cannot be removed by drainage, the structure must be made
waterproof or highly water-resistant.

Surface water may be diverted by grading the ground surface away from the
walls and by carrying the runoff from roofs away from the building. The slope of
the ground surface should be at least %4 in/ft for a minimum distance of 10 ft from
the walls. Runoff from high ground adjacent to the structure should also be diverted.

Proper subsurface drainage of ground
F(l;"gi%féo 'ﬂl\;ﬁ:ﬂ” ! water away from basement walls and
| floors requires a drain of adequate size,

o sloped continuously, and, where neces-

Z /l,coARsE GRAVEL  sary, carried around corners of the build-
! %RACSKT’_S}EE ing without breaking continuity. The
drain should lead to a storm sewer or to
WALL a lower elevation that will not be
flooded and permit water to back up in
FLOOR the drain.
& TILE f - Drain tile should have a minimum di-
WITH i ameter of 6 in and should be laid in
332553&5_?5 O " % gravel or other kind of porous bed at

least 6 in below the basement floor. The
FIGURE 3.7 Drainage at the bottom of a  open joints between the tile should be
foundation wall. covered with a wire screen or building
paper to prevent clogging of the drain
with fine material. Gravel should be laid above the tile, filling the excavation to an
elevation well above the top of the footing. Where considerable water may be
expected in heavy soil, the gravel fill should be carried up nearly to the ground
surface and should extend from the wall a distance of at least 12 in (Fig. 3.7).

3.45 Concrete Floors at Grade

Floors on ground should preferably not be constructed in low-lying areas that are
wet from ground water or periodically flooded with surface water. The ground
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should slope away from the floor. The level of the finished floor should be at least
6 in above grade. Further protection against ground moisture and possible flooding
of the slab from heavy surface runoffs may be obtained with subsurface drains
located at the elevation of the wall footings.

All organic material and topsoil of poor bearing value should be removed in
preparation of the subgrade, which should have a uniform bearing value to prevent
unequal settlement of the floor slab. Backfill should be tamped and compacted in
layers not exceeding 6 in in depth.

Where the subgrade is well-drained, as where subsurface drains are used or are
unnecessary, floor slabs of residences should be insulated either by placing a gran-
ular fill over the subgrade or by use of a lightweight-aggregate concrete slab covered
with a wearing surface of gravel or stone concrete. The granular fill, if used, should
have a minimum thickness of 5 in and may consist of coarse slag, gravel, or crushed
stone, preferably of 1-in minimum size. A layer of 3-, 4-, or 6-in-thick hollow
masonry building units is preferred to gravel fill for insulation and provides a
smooth, level bearing surface.

Moisture from the ground may be absorbed by the floor slab. Floor coverings,
such as oil-base paints, linoleum, and asphalt tile, acting as a vapor barrier over
the slab, may be damaged as a result. If such floor coverings are used and where
a complete barrier against the rise of moisture from the ground is desired, a two-
ply bituminous membrane or other waterproofing material should be placed beneath
the slab and over the insulating concrete or granular fill (Fig. 3.8). The top of the
lightweight-aggregate concrete, if used, should be troweled or brushed to a smooth
level surface for the membrane. The top of the granular fill should be covered with
a grout coating, similarly finished. (The grout coat, %2 to 1 in thick, may consist
of a 1:3 or a 1:4 mix by volume of portland cement and sand. Some 3%- or Y2-in
maximum-sized coarse aggregate may be added to the grout if desired.) After the
top surface of the insulating concrete or grout coating has hardened and dried, it
should be mopped with hot asphalt or coal-tar pitch and covered before cooling
with a lapped layer of 15-Ib bituminous saturated felt. The first ply of felt then
should be mopped with hot bitumen and a second ply of felt laid and mopped on
its top surface. Care should be exercised not to puncture the membrane, which
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FIGURE 3.8 Insulated concrete slab on ground with membrane dampproofing.
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should preferably be covered with a coating of mortar, immediately after its com-
pletion. If properly laid and protected from damage, the membrane may be consid-
ered to be a waterproof barrier.

Where there is no possible danger of water reaching the underside of the floor,
a single layer of 55-Ib smooth-surface asphalt roll roofing or an equivalent water-
proofing membrane may be used under the floor. Joints between the sheets should
be lapped and sealed with bituminous mastic. Great care should be taken to prevent
puncturing of the roofing layer during concreting operations. When so installed,
asphalt roll roofing provides a low-cost and adequate barrier against the movement
of excessive amounts of moisture by capillarity and in the form of vapor. In areas
with year-round warm climates, insulation can be omitted.

(“A Guide to the Use of Waterproofing, Dampproofing, Protective and Deco-
rative Barrier Systems for Concrete,” ACI 515.1R, American Concrete Institute.)

3.4.6 Basement Floors

Where a basement is to be used in drained soils as living quarters or for the storage
of things that may be damaged by moisture, the floor should be insulated and should
preferably contain the membrane waterproofing described in Art. 3.4.5 In general
the design and construction of such basement floors are similar to those of floors
on ground.

If passage of moisture from the ground into the basement is unimportant or can
be satisfactorily controlled by air conditioning or ventilation, the waterproof
membrane need not be used. The concrete slab should have a minimum thickness
of 4 in and need not be reinforced, but should be laid on a granular fill or other
insulation placed on a carefully prepared subgrade. The concrete in the slab should
have a minimum compressive strength of 2000 psi and may contain an integral
water repellent.

A basement floor below the water table will be subjected to hydrostatic upward
pressures. The floor should be made heavy enough to counteract the uplift.

An appropriate sealant in the joint between the basement walls and a floor over
drained soil will prevent leakage into the basement of any water that may occa-
sionally accumulate under the slab. Space for the joint may be provided by use of
beveled siding strips, which are removed after the concrete has hardened. After the
slab is properly cured, it and the wall surface should be in as dry a condition as is
practicable before the joint is filled to ensure a good bond of the filler and to reduce
the effects of slab shrinkage on the permeability of the joint.

(““Guide to Joint Sealants for Concrete Structures,” ACI 504R, American Con-
crete Institute.)

3.4.7 Monolithic Concrete Basement Walls

These should have a minimum thickness of 6 in. Where insulation is desirable, as
where the basement is used for living quarters, lightweight aggregate, such as those
prepared by calcining or sintering blast-furnace slag, clay, or shale that meet the
requirements of ASTM Standard C330 may be used in the concrete. The concrete
should have a minimum compressive strength of 2000 psi.

For the forms in which concrete for basement walls is cast, form ties of an
internal-disconnecting type are preferable to twisted-wire ties. Entrance holes for
the form ties should be sealed with mortar after the forms are removed. If twisted-
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wire ties are used, they should be cut a minimum distance of 1'% in inside the face
of the wall and the holes filled with mortar.

The resistance of the wall to capillary penetration of water in temporary contact
with the wall face may be increased by the use of a water-repellent admixture. The
water repellent may also be used in the concrete at and just above grade to reduce
the capillary rise of moisture from the ground into the superstructure wails.

Where it is desirable to make the wall resistant to passage of water vapor from
the outside and to increase its resistance to capillary penetration of water, the
exterior wall face may be treated with an impervious coating. The continuity and
the resultant effectiveness in resisting moisture penetration of such a coating is
dependent on the smoothness and regularity of the concrete surface and on the skill
and technique used in applying the coating to the dry concrete surface. Some
bituminous coatings that may be used are listed below in increasing order of their
resistance to moisture penetration:

Spray- or brush-applied asphalt emulsions

Spray- or brush-applied bituminous cutbacks

Trowel coatings of bitumen with organic solvent, applied cold

Hot-applied asphalt or coal-tar pitch, preceded by application of a suitable primer

Cementitious brush-applied paints and grouts and trowel coatings of a mortar
increase moisture resistance of monolithic concrete, especially if such coatings con-
tain a water repellent. However, in properly drained soil, such coatings may not be
justified unless needed to prevent leakage of water through openings in the concrete
resulting from segregation of the aggregate and bad workmanship in casting the
walls. The trowel coatings may also be used to level irregular wall surfaces in
preparation for the application of a bituminous coating. For information on other
waterproofing materials, see “A Guide to the Use of Waterproofing, Dampproofing,
Protective and Decorative Barrier Systems for Concrete,” ACI 515.1R, American
Concrete Institute.

3.4.8 Unit-Masonry Basement Walls

Water-resistant basement walls of masonry units should be carefully constructed of
durable materials to prevent leakage and damage due to frost and other weathering
exposure. Frost action is most severe at the grade line and may result in structural
damage and leakage of water. Where wetting followed by sudden severe freezing
may occur, the masonry units should meet the requirements of the following spec-
ifications:

Building brick (solid masonry units made from clay or shale), ASTM Standard
C62, Grade SW

Facing brick (solid masonry units made from clay or shale), ASTM Standard
C216, Grade SW

Structural clay load-bearing wall tile, ASTM Standard C34, Grade LBX
Hollow load-bearing concrete masonry units, ASTM Standard C90, Grade N
For such exposure conditions, the mortar should be a Type S mortar (Table 4.4)

having a minimum compressive strength of 1800 psi when tested in accordance
with the requirements of ASTM Standard C270. For milder freezing exposures and
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where the walls may be subjected to some lateral pressure from the earth, the mortar
should have a minimum compressive strength of 1000 psi.

Leakage through an expansion joint in a concrete or masonry foundation wall
may be prevented by insertion of a waterstop in the joint. Waterstops should be of
the bellows type, made of 16-oz copper sheet, which should extend a minimum
distance of 6 in on either side of the joint. The sheet should be embedded between
wythes of masonry units or faced with a 2-in-thick cover of mortar reinforced with
welded-wire fabric. The outside face of the expansion joint should be filled flush
with the wall face with a joint sealant, as recommended in ACI 504R.

Rise of moisture, by capillarity, from the ground into the superstructure walls
may be greatly retarded by use of an integral water-repellent admixture in the
mortar. The water-repellent mortar may be used in several courses of masonry
located at and just above grade.

The use of shotcrete or trowel-applied mortar coatings, ¥ in or more in thick-
ness, to the outside faces of both monolithic concrete and unit-masonry walls
greatly increases their resistance to penetration of moisture. Such plaster coatings
cover and seal construction joints and other vulnerable joints in the walls against
leakage. When applied in a thickness of 2 in or more, they may be reinforced with
welded-wire fabric to reduce the incidence of large shrinkage cracks in the coating.
However, the cementitious coatings do not protect the walls against leakage if the
walls, and subsequently the coatings, are badly cracked as a result of unequal
foundation settlement, excessive drying shrinkage, and thermal changes. (“Guide
to Shotcrete,” ACI 506, American Concrete Institute.)

Two trowel coats of a mortar containing 1 part portland cement to 3 parts sand
by volume should be applied to the outside faces of basement walls built of hollow
masonry units. One trowel coat may suffice on the outside of all-brick and of brick-
faced walls.

The wall surface and the top of the wall footing should be cleansed of dirt and
soil, and the masonry should be thoroughly wetted with water. While still damp,
the surface should be covered with a thin scrubbed-on coating of portland cement
tempered to the consistency of thick cream. Before this prepared surface has dried,
a ¥s-in-thick trowel-applied coating of mortar should be placed on the wall and
over the top of the footing; a fillet of mortar may be placed at the juncture of the
wall and footing.

Where a second coat of mortar is to be applied, as on hollow masonry units,
the first coat should be scratched to provide a rough bonding surface. The second
coat should be applied at least 1 day after the first, and the coatings should be
cured and kept damp by wetting for at least 3 days. A water-repellent admixture
in the mortar used for the second or finish coat will reduce the rate of capillary
penetration of water through the walls. If a bituminous coating is not to be used,
the mortar coating should be kept damp until the backfill is placed.

Thin, impervious coatings may be applied to the plaster if resistance to penetra-
tion of water vapor is desired. (See ACI 515.1R.) The plaster should be dry and
clean before the impervious coating is applied over the surfaces of the wall and the
top of the footing.

3.4.9 Impervious Membranes

These are waterproof barriers providing protection against penetration of water un-
der hydrostatic pressure and water vapor. To resist hydrostatic pressure, a membrane
should be made continuous in the walls and floor of a basement. It also should be
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protected from damage during building operations and should be laid by experi-
enced workers under competent supervision. It usually consists of three or more
alternate layers of hot, mopped-on asphalt or coal-tar pitch and plies of treated glass
fabric, or bituminous saturated cotton or woven burlap fabric. The number of mop-
pings exceeds the number of plies by one.

Alternatives are cold-applied bituminous systems, liquid-applied membranes,
and sheet-applied membranes, similar to those used for roofing. In installation,
manufacturers’ recommendations should be carefully followed. See also ACI
515.1R and “The NRCA Waterproofing Manual,” National Roofing Manufacturers
Association.

Bituminous saturated cotton fabric is stronger and is more extensible than bi-
tuminous saturated felt but is more expensive and more difficult to lay. At least one
or two of the plies in a membrane should be of saturated cotton fabric to provide
strength, ductility, and extensibility to the membrane. Where vibration, temperature
changes, and other conditions conducive to displacement and volume changes in
the basement are to be expected, the relative number of fabric plies may be in-
creased.

The minimum weight of bituminous saturated felt used in a membrane should
be 13 1b per 100 ft>. The minimum weight of bituminous saturated woven cotton
fabric should be 10 oz/yd>2.

Although a membrane is held rigidly in place, it is advisable to apply a suitable
primer over the surfaces receiving the membrane and to aid in the application of
the first mopped-on coat of hot asphalt or coal-tar pitch.

Materials used in the hot-applied system should meet the requirements of the
following current ASTM standards:

Creosote primer for coal-tar pitch—D43

Primer for asphalt—D41

Coal-tar pitch—D450, Type 11

Asphalt—D449, Type A

Cotton fabric, bituminous saturated—D173

Woven burlap fabric, bituminous saturated—D1327
Treated glass fabric—D1668

Coal-tar saturated felt—D227

Asphalt saturated organic felt—D226

The number of plies of saturated felt or fabric should be increased with increase
in the hydrostatic head to which the membrane is to be subjected. Five plies is the
maximum commonly used in building construction, but 10 or more plies have been
recommended for pressure heads of 35 ft or greater. The thickness of the membrane
crossing the wall footings at the base of the wall should be no greater than nec-
essary, to keep very small the possible settlement of the wall due to plastic flow in
the membrane materials.

The amount of primer to be used may be about 1 gal per 100 ft>. The amount
of bitumen per mopping should be at least 4"~ gal per 100 ft2. The thickness of
the first and last moppings is usually slightly greater than the thickness of the
moppings between the plies.

The surfaces to which the membrane is to be applied should be smooth, dry,
and at a temperature above freezing. Air temperature should be not less than 50°F.
The temperature of coal-tar pitch should not exceed 300°F and asphalt, 350°F.
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If the concrete and masonry surfaces are not sufficiently dry, they will not readily
absorb the priming coat, and the first mopping of bitumen will be accompanied by
bubbling and escape of steam. Should this occur, application of the membrane
should be stopped and the bitumen already applied to damp surfaces should be
removed.

The membrane should be built up ply by ply, the strips of fabric or felt being
laid immediately after each bed has been hot-mopped. The lap of succeeding plies
or strips over each other depends on the width of the roll and the number of plies.
In any membrane there should be a lap of the top or final ply over the first, initial
ply of at least 2 in. End laps should be staggered at least 24 in, and the laps between
succeeding rolls should be at least 12 in.

For floors, the membrane should be placed over a concrete base or subfloor
whose top surface is troweled smooth and which is level with the tops of the wall
footings. The membrane should be started at the outside face of one wall and extend
over the wall footing, which may be keyed. It should cover the floor and tops of
other footings to the outside faces of the other walls, forming a continuous hori-
zontal waterproof barrier. The plies should project from the edges of the floor
membrane and lap into the wall membrane.

The loose ends of felt and fabric must be protected; one method is to fasten
them to a temporary vertical wood form about 2 ft high, placed just outside the
wall face. Immediately after the floor membrane has been laid, its surface should
be protected and covered with a layer of portland-cement concrete, at least 2 in
thick.

For walls, the installed membrane should be protected against damage and held
in position by protection board or a facing of brick, tile, or concrete block. A brick
facing should have a minimum thickness of 2% in. Facings of asphalt plank, asphalt
block, or mortar require considerable support from the membrane itself and give
protection against abrasion of the membrane from lateral forces only. Protection
against downward forces such as may be produced by settlement of the backfill is
given only by the self-supporting masonry walls.

The kind of protective facing may have some bearing on the method of con-
structing the membrane. The membrane may be applied to the exterior face of the
wall after its construction, or it may be applied to the back of the protective facing
before the main wall is built. The first of these methods is known as the outside
application; the second is known as the inside application.

For the inside application, a protective facing of considerable stiffness against
lateral forces must be built, especially if the wall and its membrane are to be used
as a form for the casting of a main wall of monolithic concrete. The inner face of
the protecting wall must be smooth or else leveled with mortar to provide a suitable
base for the membrane. The completed membrane should be covered with a 3s-in-
thick layer of mortar to protect it from damage during construction of the main
wall.

Application of wall membranes should he started at the bottom of one end of
the wall and the strips of fabric or felt laid vertically. Preparation of the surfaces
and laying of the membrane proceed much as they do with floor membranes. The
surfaces to which the membrane is attached must be dry and smooth, which may
require that the faces of masonry walls be leveled with a thin coat of grout or
mortar. The plies of the wall membrane should be lapped into those of the floor
membrane.

If the outside method of application is used and the membrane is faced with
masonry, the narrow space between the units and the membrane should be filled
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with mortar as the units are laid. The membrane may be terminated at the grade
line by a return into the superstructure wall facing.

Waterstops in joints in walls and floors containing a bituminous membrane
should be the metal-bellows type. The membrane should be placed on the exposed
face of the joint and it may project into the joint, following the general outline of
the bellows.

The protective facing for the membrane should be broken at the expansion joint
and the space between the membrane and the line of the facing filled with a joint
sealant, as recommended in ACI 504R.

Details at pipe sleeves running through the membrane must be carefully pre-
pared. The membrane should be reinforced with additional plies and may be calked
at the sleeve. Steam and hot-water lines should be insulated to prevent damage to
the membrane.

3.4.10 Above-Grade Walls

The rate of moisture penetration through capillaries in above-grade walls is low
and usually of minor importance. However, such walls should not permit leakage
of wind-driven rain through openings larger than those of capillary dimension.

Precast-concrete or metal panels are usually made of dense, highly water-
resistant materials. However, walls made of these panels are vulnerable to leakage
at the joints. In such construction, edges of the panels may be recessed and the
interior of vertical joints filled with grout or other sealant after the panels are
aligned.

Calking compound is commonly used as a facing for the joints. Experience has
shown that calking compounds often weather badly; their use as a joint facing
creates a maintenance problem and does not prevent leakage of wind-driven rain
after a few years’ exposure.

The amount of movement to be expected in the vertical joints between panels
is a function of the panel dimensions and the seasonal fluctuation in temperature
and, for concrete, the moisture content of the concrete. For panel construction, it
may be more feasible to use an interlocking water-resistant joint. For concrete, the
joint may be faced on the weather side with mortar and backed with either a
compressible premolded strip or calking. See ACI 504R.

Brick walls 4 in or more in thickness can be made highly water-resistant. The
measures that need to be taken to ensure there will be no leakage of wind-driven
rain through brick facings are not extensive and do not require the use of materials
other than those commonly used in masonry walls. The main factors that need to
be controlled are the rate of suction of the brick at the time of laying and filling
of all joints with mortar (Art. 11.7).

In general, the greater the number of brick leaves, or wythes, in a wall, the more
water-resistant the wall.

Walls of hollow masonry units are usually highly permeable, and brick-faced
walls backed with hollow masonry units are greatly dependent upon the water
resistance of the brick facing to prevent leakage of wind-driven rain. For exterior
concrete masonry walls without facings of brick, protection against leakage may
be obtained by facing the walls with a cementitious coating of paint, stucco, or
shotcrete.

For wall of rough-textured units, a portland cement—sand grout provides a highly
water-resistant coating. The cement may be either white or gray.
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Factory-made portland-cement paints containing a minimum of 65%, and pref-
erably 80%, portland cement may also be used as a base coat on concrete masonry.
Application of the paint should conform with the requirements of ACI 515.1R. The
paints, stuccos, and shotcrete should be applied to dampened surfaces. Shotcrete
should conform with the requirements of ACI 506R.

Cavity walls, particularly brick-faced cavity walls, may be made highly resistant
to leakage through the wall facing. However, as usually constructed, facings are
highly permeable, and the leakage is trapped in the cavity and diverted to the
outside of the wall through conveniently located weep holes. This requires that the
inner tier of the cavity be protected against the leakage by adequate flashings, and
weep holes should be placed at the bottom of the cavities and over all wall open-
ings. The weep holes may be formed by the use of sash-cord head joints or ¥-in-
diameter rubber tubing, withdrawn after the wall is completed.

Flashings should preferably be hot-rolled copper sheet of 10-0z minimum
weight. They should be lapped at the ends and sealed either by solder or with
bituminous plastic cement. Mortar should not be permitted to drop into the flashings
and prevent the weep holes from functioning.

Prevention of Cracking. Shrinkage of concrete masonry because of drying and a
drop in temperature may result in cracking of a wall and its cementitious facing.
Such cracks readily permit leakage of wind-driven rain. The chief factor reducing
incidence of shrinkage cracking is the use of dry block. When laid in the wall, the
block should have a low moisture content, preferably one that is in equilibrium
with the driest condition to which the wall will be exposed.

The block should also have a low potential shrinkage. See moisture-content
requirements in ASTM C90 and method of test for drying shrinkage of concrete
block in ASTM C426.

Formation of large shrinkage cracks may be controlled by use of steel reinforce-
ment in the horizontal joints of the masonry and above and below wall openings.
Where there may be a considerable seasonal fluctuation in temperature and moisture
content of the wall, high-yield-strength, deformed-wire joint reinforcement should
be placed in at least 50% of all bed joints in the wall.

Use of control joints faced with calking compound has also been recommended
to control shrinkage cracking; however, this practice is marked by frequent failures
to keep the joints sealed against leakage of rain. Steel joint reinforcement strength-
ens a concrete masonry wall, whereas control joints weaken it, and the calking in
the joints requires considerable maintenance.

Water-Resistant Surface Treatments for Above-Grade Walls. Experience has
shown that leakage of wind-driven rain through masonry walls, particularly those
of brick, ordinarily cannot be stopped by use of an inexpensive surface treatment
or coating that will not alter the appearance of the wall. Such protective devices
either have a low service life or fail to stop all leakage.

Both organic and cementitious pigmented coating materials, properly applied as
a continuous coating over the exposed face of the wall, do stop leakage. Many of
the organic pigmented coatings are vapor barriers and are therefore unsuitable for
use on the outside, “cold” face of most buildings. If vapor barriers are used on the
cold face of the wall, it is advisable to use a better vapor barrier on the warm face
to reduce condensation in the wall and behind the exterior coating.

Coatings for masonry may be divided into four groups, as follows: (1) colorless
coating materials; (2) cementitious coatings; (3) pigmented organic coatings; and
(4) bituminous coatings.
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Colorless Coating Materials. The colorless “waterproofings” are often claimed
to stop leakage of wind-driven rain through permeable masonry walls. Solutions of
oils, paraffin wax, sodium silicate, chlorinated rubber, silicone resins, and salts of
fatty acids have been applied to highly permeable test walls and have been tested
at the National Institute of Standards and Technology under exposure conditions
simulating a wind-driven rain. Most of these solutions contained not more than
10% of solid matter. These treatments reduced the rate of leakage but did not stop
all leakage through the walls. The test data show that colorless coating materials
applied to permeable walls of brick or concrete masonry may not provide adequate
protection against leakage of wind-driven rain.

Solutions containing oils and waxes tended to seal the pores exposed in the faces
of the mortar joints and masonry units, thereby acting more or less as vapor barriers,
but did not seal the larger openings, particularly those in the joints.

Silicone water-repellent solutions greatly reduced leakage through the walls as
long as the treated wall faces remained water-repellent. After an exposure period
of 2 or 3 hr, the rate of leakage gradually increased as the water repellency of the
wall face diminished.

Coatings of the water-repellent, breather type, such as silicone and “‘soap”
solutions, may be of value in reducing absorption of moisture into the wall surface.
They may be of special benefit in reducing the soiling and disfiguration of stucco
facings and light-colored masonry surfaces. They may be applied to precast-
concrete panels to reduce volume changes that may otherwise result from changes
in moisture content of the concretes. However, it should be noted that a water-
repellent treatment applied to the surface may cause water, trapped in the masonry,
to evaporate beneath the surface instead of at the surface. If the masonry is not
water-resistant and contains a considerable amount of soluble salts, as evidenced
by efflorescence, application of a water repellent may cause salts to be deposited
beneath the surface, thereby causing spalling of the masonry. The water repellents
therefore should be applied only to walls having water-resistant joints. Furthermore,
application of a colorless material makes the treated face of the masonry water-
repellent and may prevent the proper bonding of a cementitious coating that could
otherwise be used to stop leakage.

Cementitious Coatings. Coatings of portland-cement paints, grouts, and stuccos
and of pneumatically applied mortars are highly water-resistant. They are preferred
above all other types of surface coatings for use as water-resistant base coatings on
above-grade concrete masonry. They may also be applied to the exposed faces of
brick masonry walls that have not been built to be water-resistant.

The cementitious coatings absorb moisture and are of the breather type, per-
mitting passage of water vapor. Addition of water repellents to these coatings does
not greatly affect their water resistance but does reduce the soiling of the surface
from the absorption of dirt-laden water. If more than one coating is applied, as in
a two-coat paint or stucco facing job, the repellent is preferably added only to the
finish coat, thus avoiding the difficulty of bonding a cementitious coating to a water-
repellent surface.

The technique used in applying the cementitious coatings is highly important.
The backing should be thoroughly dampened. Paints and grouts should be scrubbed
into place with stiff fiber brushes and the coatings should be properly cured by
wetting. Properly applied, the grouts are highly durable; some grout coatings ap-
plied to concrete masonry test walls were found to be as water-resistant after 10
years out-of-doors exposure as when first applied to the walls.

Pigmented Organic Coatings. These include textured coatings, mastic coatings,
conventional paints, and aqueous dispersions. The thick-textured and mastic coat-
ings are usually spray-applied but may be applied by trowel. Conventional paints
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and aqueous dispersions are usually applied by brush or spray. Most of these coat-
ings are vapor barriers but some textured coatings, conventional paints, and aqueous
dispersions are breathers. Except for the aqueous dispersions, all the coatings are
recommended for use with a primer.

Applied as a continuous coating, without pinholes, the pigmented organic coat-
ings are highly water-resistant. They are most effective when applied over a smooth
backing. When they are applied with paintbrush or spray by conventional methods
to rough-textured walls, it is difficult to level the surface and to obtain a continuous
water-resistant coating free from holes. A scrubbed-on cementitious grout used as
a base coat on such walls will prevent leakage through the masonry without the
use of a pigmented organic coating.

The pigmented organic coatings are highly decorative but may not be so water-
resistant, economical, or durable as the cementitious coatings.

Bituminous Coatings. Bituminous cutbacks, emulsions, and plastic cements are
usually vapor barriers and are sometimes applied as ‘“dampproofers” on the inside
faces of masonry walls. Plaster is often applied directly over these coatings, the
bond of the plaster to the masonry being only of a mechanical nature. Tests show
that bituminous coatings applied to the inside faces of highly permeable masonry
walls, not plastered, will readily blister and permit leakage of water through the
coating. It is advisable not to depend on such coatings to prevent the leakage of
wind-driven rain unless they are incorporated in the masonry or held in place with
a rigid self-sustaining backing.

Even though the walls are resistant to wind-driven rain, but are treated on their
inner faces with a bituminous coating, water may be condensed on the warm side
of the coating and damage to the plaster may result, whether the walls are furred
or not. However, the bituminous coating may be of benefit as a vapor barrier in
furred walls, if no condensation occurs on the warm side.

See also Secs. 9 and 11.

(“Admixtures for Concrete,” ACI 212.1R; “Guide for Use of Admixtures for
Concrete,” ACI 212.2R; “Guide to Joint Sealants for Concrete Structures,” ACI
504R; ““Specification for Materials, Proportioning and Application of Shotcrete,”
ACI 506.2; “A Guide to the Use of Waterproofing, Dampproofing, Protective and
Decorative Barrier Systems for Concrete,” ACI 515.1R; “Specification for Concrete
Masonry Construction,” ACI 531.1; “Polymers in Concrete,” ACI 548R; “Guide
for the Use of Polymers in Concrete,” ACI 548.1R, American Concrete Institute,
P.O. Box 19150, Redford Station, Detroit, MI 48219.)

3.5 PROTECTION AGAINST FIRE

There are two distinct aspects of fire protection: life safety and property protection.
Although providing for one aspect generally results in some protection for the other,
the two goals are not mutually inclusive. A program that provides for prompt no-
tification and evacuation of occupants meets the objectives for life safety, but pro-
vides no protection for property. Conversely, it is possible that adequate property
protection might not be sufficient for protection of life.

Absolute safety from fire is not attainable. It is not possible to eliminate all
combustible materials or all potential ignition sources. Thus, in most cases, an
adequate fire protection plan must assume that unwanted fires will occur despite
the best efforts to prevent them. Means must be provided to minimize the losses
caused by the fires that do occur.
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The first obligation of designers is to meet legal requirements while providing
the facilities required by the client. In particular, the requirements of the applicable
building code must be met. The building code will contain fire safety requirements,
or it will specify some recognized standard by reference. Many owners will also
require that their own insurance carrier be consulted—to obtain the most favorable
insurance rate, if for no other reason.

3.5.1 Fire-Protection Standards

The standards most widely adopted are those published by the National Fire Pro-
tection Association (NFPA), Batterymarch Park, Quincy, MA 02269. The NFPA
“National Fire Codes™ comprise several volumes containing numerous standards,
updated annually. (These are also available separately.) The standards are supple-
mented by the NFPA “Fire Protection Handbook,” which contains comprehensive
and detailed discussion of fire problems and much valuable statistical and engi-
neering data.

Underwriters Laboratories, Inc. (UL), 333 Pfingsten Road, Northbrook, IL
60062, publishes testing laboratory approvals of devices and systems in its “Fire
Protection Equipment List,” updated annually and by bimonthly supplements. The
publication outlines the tests that devices and systems must pass to be listed. The
UL “Building Materials List” describes and lists building materials, ceiling-floor
assemblies, wall and partition assemblies, beam and column protection, interior
finish materials, and other pertinent data. UL also publishes lists of ‘“Accident
Equipment,” “Electrical Equipment,” “Electrical Construction Materials,” ‘“Haz-
ardous Location Equipment,” “Gas and Oil Equipment,” and others.

Separate standards for application to properties insured by the Factory Mutual
System are published by the Factory Mutual Engineering Corporation (FM), Nor-
wood, MA 02062. FM also publishes a list of devices and systems it has tested
and approved.

The General Services Administration, acting for the federal government, has
developed many requirements that must be considered, if applicable. Also, the fed-
eral government encourages cities to adopt some uniform code. In addition, build-
ings must comply with provisions of the Americans with Disability Act (ADA).
(See Department of Justice final rules, Federal Register, 28 CFR Part 36, July 26,
1991; American National Standards Institute ‘“Accessibility Standard,” ANSI
Al117.1; “ADA Compliance Guidebook,” Building Owners and Managers Associ-
ation International, 1201 New York Ave., Washington, D.C. 20005.)

The Federal Occupational Safety and Health Act (OSHA) sets standards for
protecting the health and safety of nearly all employees. It is not necessary that a
business be engaged in interstate commerce for the law to apply. OSHA defines
employer as ‘““a person engaged in a business affecting commerce who has em-
ployees, but does not include the United States or any State or political subdivision
of a State.”

An employer is required to ““furnish to each of his employees employment and
a place of employment which are free from recognized hazards that are causing or
are likely to cause death or serious physical harm to his employees.” Employers
are also required to “comply with occupational safety and health standards prom-
ulgated under the Act.”

Building codes consist of a set of rules aimed at providing reasonable safety to
the community, to occupants of buildings, and to the buildings themselves. The
codes may adopt the standards mentioned previously and other standards concerned
with fire protection by reference or adapt them to the specific requirements of the
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community. In the absence of a municipal or state building code, designers may
apply the provisions of the Uniform Building Code, promulgated by the Interna-
tional Conference of Building Officials, or other national model code.

Many states have codes for safety to life in commercial and industrial buildings,
administered by the Department of Labor, the State Fire Marshal’s Office, the State
Education Department, or the Health Department. Some of these requirements are
drastic and must always be considered.

Obtaining optimum protection for life and property can require consultation with
the owner’s insurance carrier, municipal officials, and the fire department. If the
situation is complicated enough, it can require consultation with a specialist in all
phases of fire protection and prevention. In theory, municipal building codes are
designed for life safety and for protection of the public, whereas insurance-oriented
codes (except for NFPA 101, “Life Safety Code’) are designed to minimize prop-
erty fire loss. Since about 70% of any building code is concerned with fire protec-
tion, there are many circumstances that can best be resolved by a fire protection
consultant.

3.5.2 Fire-Protection Concepts

Although fires in buildings can be avoided, they nevertheless occur. Some of the
reasons for this are human error, arson, faulty electrical equipment, poor mainte-
nance of heating equipment, and natural causes, such as lightning. Consequently,
buildings should be designed to minimize the probability of a fire and to protect
life and limit property damage if a fire should occur. The minimum steps that should
be taken for the purpose are as follows:

1. Limit potential fire loads, with respect to both combustibility and ability to
generate smoke and toxic gases.

2. Provide means for prompt detection of fires, with warnings to occupants who
may be affected and notification of the presence of fire to fire fighters.

3. Communication of instructions to occupants as to procedures to adopt for
safety, such as to staying in place, proceeding to a designated refuge area, or
evacuating the building.

4. Provide means for early extinguishment of any fire that may occur, primarily
by automatic sprinklers but also by trained fire fighters.

5. Make available also for fire fighting an adequate water supply, appropriate
chemicals, adequate-size piping, conveniently located valves on the piping,
hoses, pumps, and other equipment necessary.

6. Prevent spread of fire from building to building, either through adequate sep-
aration or by enclosure of the building with incombustible materials.

7. Partition the interior of the building with fire barriers, or divisions, to confine
a fire to a limited space.

8. Enclose with protective materials structural components that may be damaged
by fire (fireproofing).

9. Provide refuge areas for occupants and safe evacuation routes to outdoors.

10. Provide means for removal of heat and smoke from the building as rapidly as
possible without exposing occupants to these hazards, with the air-conditioning



PROTECTION AGAINST HAZARDS 3.31

system, if one is present, assisting the removal by venting the building and by
pressurizing smokeproof towers, elevator shafts, and other exits.

11. For large buildings, install standby equipment for operation in emergencies of
electrical systems and elevators.

These steps are discussed in the following articles.

3.5.3 Fire Loads and Resistance Ratings

The nature and potential magnitude of fire in a building are directly related to the
amount and physical arrangement of combustibles present, as contents of the build-
ing or as materials used in its construction. Because of this, all codes classify
buildings by occupancy and construction, because these features are related to the
amount of combustibles.

The total amount of combustibles is called the fire load of the building. Fire
load is expressed in pounds per square foot (psf) of floor area, with an assumed
calorific value of 7000 to 8000 Btu/lb. (This Btu content applies to organic ma-
terials similar to wood and paper. Where other materials are present in large pro-
portion, the weights must be adjusted accordingly. For example, for petroleum prod-
ucts, fats, waxes, alcohol, and similar materials, the weights are taken at twice their
actual weights, because of the Btu content.)

National Institute of Standards and Technology burnout tests presented in Re-
port BMSO92 indicate a relation between fire load and fire severity as shown in
Table 3.2.

The temperatures used in standard fire tests of building components are indicated
by the internationally recognized time-temperature curve shown in Fig. 3.9. Fire
resistance of construction materials, determined by standard fire tests, is expressed
in hours. The Underwriters Laboratories “Building Materials List” tabulates fire
ratings for materials and assemblies it has tested.

TABLE 3.2 Relation between Weight of
Combustibles and Fire Severity*

Average weight of Equivalent fire

combustibles, psf severity, hr

5 %3
7% B

10 1

15 1A

20 2

30 3

40 415

50 6

60 7%

*Based on National Institute of Standards and
Technology Report BMS92, “Classifications of
Building Constructions,” Government Printing Of-
fice, Washington, D.C. 20402.
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FIGURE 3.9 Time-temperature curve for a dard tests performed according to
standard fire test. ASTM E84 or ASTM E119.

3.56.4 Fire and Smoke Barriers

A major consideration in building design is safety of the community. Hence, build-
ings should be designed to control fires and smoke so that they will not spread
from building to building.

One way that building codes try to achieve this objective is to establish fire
zones or fire limits that restrict types of construction or occupancy that can be used.
Additional zoning regulations establish minimum distances between buildings. An-
other way to achieve the objective is to specify the types of construction that can
be used for enclosing the exterior of buildings. The distance between adjoining
buildings, fire rating, and stability when exposed to fire of exterior walls, windows,
and doors, and percent of window area are some of the factors taken into account
in building codes for determination of the construction classification of a building.

To prevent spread of fire from roof to roof, building codes also often require
that exterior walls extend as a parapet at least 3 ft above the roof level. Parapets
also are useful in shielding fire fighters who may be hosing a fire from roofs of
buildings adjoining the one on fire. In addition, buildings should be topped with
roof coverings that are fire-resistant.

Fire Divisions. To prevent spread of fire vertically in building interiors, building
codes generally require that floor-ceiling and roof-ceiling assemblies be fire-
resistant. The fire rating of such assemblies is one of the factors considered in
determination of the construction classification of a building. Also, openings in
floors and roofs should be fire-protected, although building codes do not usually
require this for one-story or two-story dwellings. For the purpose, an opening, such
as that for a stairway, may be protected with a fire-resistant enclosure and fire doors.
In particular, stairways and escalator and elevator shafts should be enclosed, not
only to prevent spread of fire and smoke but also to provide a protected means of
egress from the building for occupants and of approach to the fire source by fire
fighters.

To prevent spread of fire and smoke horizontally in building interiors, it is de-
sirable to partition interiors with fire divisions. A fire division is any construction



PROTECTION AGAINST HAZARDS 3.33

with the fire-resistance rating and structural stability under fire conditions required
for the type of occupancy and construction of the building to bar the 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 door,
fire wall, ceiling, or firestop.

A fire wall should be built of incombustible material, have a fire rating of at
least 4 hr, and extend continuously from foundations to roof. Also, the wall should
have sufficient structural stability in a fire to allow collapse of construction on either
side without the wall collapsing. Building codes restrict the size of openings that
may be provided in a fire wall and require the openings to be fire-protected (Art.
11.55).

To prevent spread of fire through hollow spaces, such spaces should be fire-
stopped. A firestop is a solid or compact, tight closure set in a hollow, concealed
space in a building to retard spread of flames, smoke, or hot gases. All partitions
and walls should be firestopped at every floor level, at the top-story ceiling level,
and at the level of support for roofs. Also, very large unoccupied attics should be
subdivided by firestops into areas of 3000 ft? or less. Similarly, any large concealed
space between a ceiling and floor or roof should be subdivided. For the purpose,
firestops extending the full depth of the space should be placed along the line of
supports of structural members and elsewhere, if necessary, to enclose areas not
exceeding 1000 ft*> when situated between a floor and ceiling or 3000 ft*> when
located between a ceiling and roof.

Openings between floors for pipes, ducts, wiring, and other services should be
sealed with the equal of positive firestops. Partitions between each floor and a
suspended ceiling above are not generally required to be extended to the slab above
unless this is necessary for required compartmentation. But smoke stops should be
provided at reasonable intervals to prevent passage of smoke to noninvolved areas.

3.5.5 Height and Area Restrictions

Limitations on heights and floor areas included between fire walls in any story of
a building are given in every building code and are directly related to occupancy
and construction. From the standpoint of fire protection, these provisions are chiefly
concerned with safety to life. They endeavor to ensure this through requirements
determining minimum number of exits, proper location of exits, and maximum
travel distance (hence escape time) necessary to reach a place of refuge. The lim-
itations are also aimed at limiting the size of fires.

Unlimited height and area are permitted for the most highly fire-resistant type
of construction. Permissible heights and areas are decreased with decrease in fire
resistance of construction. Area permitted between fire walls in any story reduces
to 6000 ft> for a one-story, wood-frame building.

Installation of automatic sprinklers increases permissible heights and areas in all
classes, except those allowed unlimited heights and areas.

Permissible unlimited heights and areas in fire-resistive buildings considered
generally satisfactory in the past may actually not be safe. A series of fires involv-
ing loss of life and considerable property damage opened the fire safety of such
construction to question. As a result, some cities have made more stringent the
building-code regulations applicable to high-rise buildings.

Many building codes prohibit floor areas of unlimited size unless the building
is sprinklered. Without automatic sprinklers, floor areas must be subdivided into
fire-wall-protected areas of from 7500 to 15,000 ft*> and the enclosing fire walls
must have 1- or 2-hr fire ratings, depending on occupancy and construction.
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(“Life Safety Handbook” and ‘“Fire Protection Handbook,” National Fire Pro-
tection Association, Quincy, Mass.)

3.5.6 Fire-Resistance Classification of Buildings

Although building codes classify buildings by occupancy and construction, there is
no universal standard for number of classes of either occupancy or construction.
Table 3.3 lists some typical occupancy classifications and associates approximate
fire loads with them. This table should be used only as a guide. For a specific
project refer to the applicable local code. Note, however, that codes do not relate
life-safety hazards to the actual fire load, but deal with them through requirements
for exit arrangements, interior finishes, and ventilation.

Types of construction may be classified by a local building code as follows but
may have further subdivisions, depending on fire-resistance requirements:

1. Fire-resistive construction

2. Protected noncombustible construction

3. Unprotected noncombustible construction
4. Heavy-timber construction

5. Ordinary construction

6. Wood-frame construction

The required fire resistance varies from 4 hr for exterior bearing walls and interior
columns in the highest fire resistive class to 1 hr for walls and none for columns
in the wood-frame construction class.

TABLE 3.3 Approximate Fire Loads for
Various Occupancies*

Typical average
fire load including

Occupancy class floors and trim, psf
Assembly 10.0
Business 12.6
Educational 7.6
High hazard T
Industrial 25.0
Institutional 5.7
Mercantile 15-20
Residential 8.8
Storage 30.0

*From National Institute of Standards and Tech-
nology Report BMS92, “Classifications of Building
Constructions,” Government Printing Office, Wash-
ington. D.C. 20402.

T Special provisions are made for this class, and
hazards are treated for the specific conditions en-
countered, which might not necessarily be in pro-
portion to the actual fire load.
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Type of construction affects fire-protection-system design through requirements
that structural members as well as contents of buildings be protected.

3.5.7 Extinguishment of Fires

Design of all buildings should include provisions for prompt extinguishment of
fires. Apparatus installed for the purpose should take into account the nature and
amount of combustible and smoke-producing materials that may be involved in a
fire. Such apparatus may range from small, hand-held extinguishers for small fires
to hoses attached to a large, pressurized water supply and automatic fire sprinklers.
Also desirable are fire and smoke detectors and a protective signaling system that
sounds an alarm to alert building occupants and calls fire fighters.

Classes of Fires. For convenience in defining effectiveness of extinguishing me-
dia, Underwriters Laboratories, Inc., has developed a classification that separates
combustible materials into four types:

1. Class A fires involve ordinary combustibles and are readily extinguishable by
water or cooling, or by coating with a suitable chemical powder.

2. Class B fires involve flammable liquids where smothering is effective and where
a cooling agent must be applied with care.

3. Class C fires are those in live electrical equipment where the extinguishing agent
must be nonconductive. Since a continuing electrical malfunction will keep the
fire source active, circuit protection must operate to cut off current flow, after
which an electrically conductive agent can be used with safety.

4. Class D fires involve metals that burn, such as magnesium, sodium, and pow-
dered aluminum. Special powders are necessary for such fires, as well as special
training for operators. These fires should never be attacked by untrained per-
sonnel.

Automatic Sprinklers. The most widely used apparatus for fire protection in
buildings is the automatic sprinkler system. In one or more forms, automatic sprin-
klers are effective protection in all occupancy classes. Special treatment and use of
additional extinguishing agents, though, may be required in many high-hazard, in-
dustrial, and storage occupancies.

Basically, a sprinkler system consists of a network of piping installed at the
ceiling or roof and supplied with water from a suitable source. On the piping at
systematic intervals are placed heat-sensitive heads, which discharge water when a
predetermined temperature is reached at any head. A gate valve is installed in the
main supply, and drains are provided. An alarm can be connected to the system so
that local and remote signals can be given when the water flows.

Sprinkler systems are suitable for extinguishing all Class A fires and, in many
cases, also Class B and C fires. For Class B fires, a sealed (fusible) head system
may be used if the flammable liquid is in containers or is not present in large
quantity. Sprinklers have a good record for extinguishing fires in garages, for ex-
ample. An oil-spill fire can be extinguished or contained when the water is applied
in the form of spray, as from a sprinkler head. When an oil spill or process-pipe
rupture can release flammable liquid under pressure, an open-head (deluge) system
may be required to apply a large volume of water quickly and to keep surrounding
equipment cool.
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For Class C fires, water can be applied to live electrical equipment if it is done
in the form of a nonconducting foglike spray. This is usually the most economical
way to protect outdoor oil-filled transformers and oil circuit breakers.

Fire protection should be based on complete coverage of the building by the
sprinkler system. Partial coverage is rarely advisable, because extinguishing capac-
ity is based on detecting and extinguishing fires in their incipiency, and the system
must be available at all times in all places. Systems are not designed to cope with
fires that have gained headway after starting in unsprinklered areas.

See also Arts. 14.27 to 14.29.

Standpipes. Hoses supplied with water from standpipes are the usual means of
manual application of water to interior building fires. Standpipes are usually de-
signed for this use by the fire department, but they can be used by building fire
fighters also.

Standpipes are necessary in buildings higher than those that ground-based fire
department equipment can handle effectively. The Standard Building Code requires
standpipes in buildings higher than 50 ft. The Uniform Building Code requirement
starts at four stories or occupancies over 5000 ft* in area and depends on whether
automatic sprinklers are installed.

See also Art. 14.30.

Chemical Extinguishment. Fires involving some materials may not be readily
extinguished with water alone. When such materials may be present in a building,
provision should be made for application of appropriate chemicals.

Foamed chemicals, mostly masses of air- or gas-filled bubbles, formed by
chemical or mechanical means, may be used to control fires in flammable liquids.
Foam is most useful in controlling fires in flammable liquids with low flash points
and low specific gravity, such as gasoline. The mass of bubbles forms a cohesive
blanket that extinguishes fire by excluding air and cooling the surface.

Foam clings to horizontal surfaces and can also be used on vertical surfaces of
process vessels to insulate and cool. It is useful on fuel-spill fires, to extinguish
and confine the vapors.

For fire involving water-soluble liquids, such as alcohol, a special foam concen-
trate must be used. Foam is not suitable for use on fires involving compressed
gases, such as propane, nor is it practical on live electrical equipment. Because of
the water content, foam cannot be used on fires involving burning metals, such as
sodium, which reacts with water. It is not effective on oxygen-containing materials.

Three distinct types of foam are suitable for fire control: chemical foam, air
foam (mechanical foam), and high-expansion foam.

Chemical foam was the first foam developed for fire fighting. It is formed by
the reaction of water with two chemical powders, usually sodium bicarbonate and
aluminum sulfate. The reaction forms carbon dioxide, which is the content of the
bubbles. This foam is the most viscous and tenacious of the foams. It forms a
relatively tough blanket, resistant to mechanical or heat disruption. The volume of
expansion may be as much as 10 times that of the water used in the solution.

Chemical foam is sensitive to the temperature at which it is formed, and the
chemicals tend to deteriorate during long storage periods. It is not capable of being
transported through long pipe lines. For these reasons, it is not used as much as
other foams. National Fire Protection Association standard NFPA 11 covers chem-
ical foam.
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Air foam (mechanical foam) is made by mechanical mixing of water and a
protein-based chemical concentrate. There are several methods of combining the
components, but essentially the foam concentrate is induced into a flowing stream
of water through a metering orifice and a suitable device, such as a venturi. The
volume of foam generated is from 16 to 33 times the volume of water used. Several
kinds of mixing apparatus are available, choice depending on volume required,
availability of water, type of hazard, and characteristics of the protected area or
equipment.

Air foam can be conducted through pipes and discharged through a fixed cham-
ber mounted in a bulk fuel storage tank, or it can be conducted through hoses and
discharged manually through special nozzles. This foam can also be distributed
through a sprinkler system of special design to cover small equipment, such as
process vessels, or in multisystem applications, over an entire airplane hangar. The
standard for use and installation of air foam is NFPA 11, and for foam-water sprin-
kler systems, NFPA 16.

High-expansion foam was developed for use in coal mines, where its extremely
high expansion rate allowed it to be generated quickly in sufficient volume to fill
mine galleries and reach inaccessible fires. This foam can be generated in volumes
of from 100 to 1000 times the volume of water used, with the latter expansion in
most general use. The foam is formed by passage of air through a screen constantly
wetted by a solution of chemical concentrate, usually with a detergent base. The
foam can be conducted to a fire area by ducts, either fixed or portable, and can be
applied manually by small portable generators. Standard for equipment and use of
high-expansion foam is NFPA 11A.

High-expansion foam is useful for extinguishing fires by totally flooding indoor
confined spaces, as well as for local application to specific areas. It extinguishes
by displacing air from the fire and by the heat-absorbing effect of converting the
foam water content into steam. The foam forms an insulating barrier for exposed
equipment or building components.

High-expansion foam is more fragile than chemical or air foam. Also, it is not
generally reliable when used outdoors where it is subject to wind currents. High-
expansion foam is not toxic, but it has the effect of disorienting people who may
be trapped in it.

Carbon dioxide is useful as an extinguishing agent, particularly on surface fires,
such as those involving flammable liquids in confined spaces. It is nonconductive
and is effective on live electrical equipment. Because carbon dioxide requires no
clean-up, it is desirable on equipment such as gasoline or diesel engines. The gas
can be used on Class A fires. But when a fire is deep-seated, an extended discharge
period is required to avoid rekindling.

Carbon dioxide provides its own pressure for discharge and distribution and is
nonreactive with most common industrial materials. Because its density is 1Y% times
that of air, carbon dioxide tends to drop and to build up from the base of a fire.
Extinguishment of a fire is effected by reduction of the oxygen concentration sur-
rounding a fire.

Carbon dioxide may be applied to concentrated areas or machines by hand-held
equipment, either carried or wheeled. Or the gas may be used to flood totally a
room containing a hazard. The minimum concentrations for total flooding for fires
involving some commercial liquids are listed in ‘““Standard on Carbon-Dioxide
Extinguishing Systems,” NFPA 12.

Carbon dioxide is not effective on fires involving burning metals, such as mag-
nesium, nor is it effective on oxygen-containing materials, such as nitrocellulose.
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Hazard to personnel is involved to the extent that a concentration of 9% will cause
suffocation in a few minutes, and concentrations of 20% can be fatal. When used
in areas where personnel are present, a time delay before discharge is necessary to
permit evacuation.

For use in total flooding systems, carbon dioxide is available in either high-
pressure or low-pressure equipment. Generally, it is more economical to use low-
pressure equipment for large volumes, although there is no division point applicable
in all cases.

Halon 1301 is one of a series of halogenated hydrocarbons, bromotrifluoro-
methane (CBrF,), used with varying degrees of effectiveness as a fire-extinguishing
agent and was included in the Montreal Protocol on Substances that Deplete the
Ozone Layer signed in September 16, 1987. It is currently limited to ““critical uses”
and is planned to be phased out by 2002. The types of uses currently defined as
critical are spaces where flammable liquid and/or gas release could occur in the
oil, gas, petrochemical and military sectors; manned communication centers of the
armed forces or other places essential for national security; or for the protection of
spaces where there may be a risk of dispersion of radioactive material.

Dry chemical extinguishing agents were used originally to extinguish Class B
fires. One type consisted of a sodium bicarbonate base with additives to prevent
caking and to improve fluid flow characteristics. Later, multipurpose dry chemicals
effective on Class A, B, and C fires were developed. These chemicals are distinctly
different from the dry powder extinguishing agents used on combustible metals
described below.

Dry chemicals are effective on surface fires, especially on flammable liquids.
When used on Class A fires, they do not penetrate into the burning material. So
when a fire involves porous or loosely packed material, water is used as a backup.
The major effect of dry chemicals is due almost entirely to ability to break the
chain reaction of combustion. A minor effect of smothering is obtained on Class
A fires.

Fires that are likely to rekindle are not effectively controlled by dry chemicals.
When these chemicals are applied to machinery or equipment at high temperatures,
caking can cause some difficulty in cleaning up after the fire.

Dry chemicals can be discharged in local applications by hand-held extinguish-
ers, wheeled portable equipment, or nozzles on hose lines. These chemicals can
also be used for extinguishing fires by total flooding, when they are distributed
through a piped system with special discharge nozzles. The expellant gas is usually
dry nitrogen.

Dry powder extinguishing agents are powders effective in putting out com-
bustible-metal fires. There is no universal extinguisher that can be used on all fires
involving combustible metals. Such fires should never be fought by untrained per-
sonnel.

There are several proprietary agents effective on several metals, but none should
be used without proper attention to the manufacturer’s instructions and the specific
metal involved. For requirements affecting handling and processing of combustible
metals, reference should be made to National Fire Protection Association standards
NFPA 48 and 652 for magnesium, NFPA 481 for titanium, NFPA 482M for zir-
conium, and NFPA 65 and 651 for aluminum.

(““The SFPE Handbook of Fire Protection Engineering,” and ‘“‘Automatic Sprin-
kler Systems Handbook,” National Fire Protection Association, Quincy, Mass.)

3.5.8 Fire Detection

Every fire-extinguishing activity must start with detection. To assist in this, many
types of automatic detectors are available, with a wide range of sensitivity. Also, a
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variety of operations can be performed by the detection system. It can initiate an
alarm, local or remote, visual or audible; notify a central station; actuate an extin-
guishing system; start or stop fans or processes, or perform any other operation
capable of automatic control.

There are five general types of detectors, each employing a different physical
means of operation. The types are designated fixed-temperature, rate-of-rise, photo-
electric, combustion-products, and ultraviolet or infrared detectors.

A wide variety of detectors has been tested and reported on by Underwriters
Laboratories, Inc. See Art. 3.5.1.

Fixed-Temperature Detectors. In its approval of any detection device, UL spec-
ifies the maximum distance between detectors to be used for area coverage. This
spacing should not be used without competent judgment. In arriving at the permitted
spacing for any device, UL judges the response time in comparison with that of
automatic sprinkler heads spaced at 10-ft intervals. Thus, if a device is more sen-
sitive than a sprinkler head, the permitted spacing is increased until the response
times are nearly equal. If greater sensitivity is desired, the spacing must be reduced.

With fixed-temperature devices, there is a thermal lag between the time the
ambient temperature reaches rated temperature and the device itself reaches that
temperature. For thermostats having a rating of 135°F, the ambient temperature can
reach 206°F.

Disk thermostats are the cheapest and most widely used detectors. The most
common type employs the principle of unequal thermal expansion in a bimetallic
assembly to operate a snap-action disk at a preset temperature, to close electrical
contacts. These thermostats are compact. The disk, 72 in in diameter, is mounted
on a plastic base 1% in in diameter. The thermostats are self-resetting, the contacts
being disconnected when normal temperature is restored.

Thermostatic cable consists of two sheathed wires separated by a heat-sensitive
coating which melts at high temperature, allowing the wires to contact each other.
The assembly is covered by a protective sheath. When any section has functioned,
it must be replaced.

Continuous detector tubing is a more versatile assembly. This detector consists
of a small-diameter Inconel tube, of almost any length, containing a central wire,
separated from the tube by a thermistor element. At elevated temperatures, the
resistance of the thermistor drops to a point where a current passes between the
wire and the tube. The current can be monitored, and in this way temperature
changes over a wide range, up to 1000°F, can be detected. The detector can be
assembled to locate temperature changes of different magnitudes over the same
length of detector. It is self-restoring when normal temperature is restored. This
detector is useful for industrial applications, as well as for fire detection.

Fusible links are the same devices used in sprinkler heads and are made to
operate in the same temperature range. Melting or breaking at a specific tempera-
ture, they are used to restrain operation of a fire door, electrical switch, or similar
mechanical function, such as operation of dampers. Their sensitivity is substantially
reduced when installed at a distance below a ceiling or other heat-collecting ob-
struction.

Rate-of-Rise Detectors. Detectors and detector systems are said to operate on the
rate-of-rise principle when they function on a rapid increase in temperature, whether
the initial temperature is high or low. The devices are designed to operate when
temperature rises at a specified number of degrees, usually 10 or 15°F, per minute.
They are not affected by normal temperature increases and are not subject to ther-
mal lag, as are fixed-temperature devices.
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Photoelectric Detectors. These indicate a fire condition by detecting the smoke.
Sensitivity can be adjusted to operate when obscuration is as low as 0.4% per ft.
In these devices, a light source is directed so that it does not impinge on a photo-
electric cell. When sufficient smoke particles are concentrated in the chamber, their
reflected light reaches the cell, changing its resistance and initiating a signal.

These detectors are particularly useful when a potential fire is likely to generate
a substantial amount of smoke before appreciable heat and flame erupt. A fixed-
temperature, snap-action disk is usually included in the assembly.

Combustion-Products Detectors. Two physically different means, designated ion-
ization type and resistance-bridge type, are used to operate combustion-products
detectors.

The ionization type, most generally used, employs ionization of gases by alpha
particles emitted by a small quantity of radium or americum. The detector contains
two ionization chambers, one sealed and the other open to the atmosphere, in elec-
trical balance with a cold-cathode tube or transistorized amplifier. When sufficient
combustion products enter the open chamber, the electrical balance is upset, and
the resulting current operates a relay.

The resistance-bridge type of detector operates when combustion products
change the impedance of an electric bridge grid circuit deposited on a glass plate.

Combustion-products detectors are designed for extreme early warning, and are
most useful when it is desirable to have warning of impending combustion when
combustion products are still invisible. These devices are sensitive in some degree
to air currents, temperature, and humidity, and should not be used without consul-
tation with competent designers.

Flame Detectors. These discriminate between visible light and the light produced
by combustion reactions. Ultraviolet detectors are responsive to flame having wave-
lengths up to 2850 A. The effective distance between flame and detectors is about
10 ft for a 5-in-diam pan of gasoline, but a 12-in-square pan fire can be detected
at 30 ft.

Infrared detectors are also designed to detect flame. These are not designated
by range of wavelength because of the many similar sources at and above the
infrared range. To identify the radiation as a fire, infrared detectors usually employ
the characteristic flame flicker, and have a built-in time delay to eliminate accidental
similar phenomena.

(““The SFPE Handbook of Fire Detection Engineering,”” National Fire Protection
Association, Quincy, Mass.)

3.5.9 Smoke and Heat Venting

In extinguishment of any building fire, the heat-absorption capacity of water is the
principal medium of reducing the heat release from the fire. When, however, a fire
is well-developed, the smoke and heat must be released from confinement to make
the fire approachable for final manual action. If smoke and heat venting is not
provided in the building design, holes must be opened in the roof or building sides
by the fire department. In many cases, it has been impossible to do this, with total
property losses resulting.

Large-area, one-story buildings can be provided with venting by use of monitors,
or a distribution of smaller vents. Multistory buildings present many problems,
particularly since life safety is the principal consideration in these buildings.
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Ventilation facilities should be provided in addition to the protection afforded
by automatic sprinklers and hose stations.

Large One-Story Buildings. For manufacturing purposes, low buildings are fre-
quently required to be many hundreds of feet in each horizontal dimension. Lack
of automatic sprinklers in such buildings has proven to be disastrous where adequate
smoke and heat venting has not been provided. Owners generally will not permit
fire division walls, because they interfere with movement and processing of mate-
rials. With the whole content of a building subject to the same fire, fire protection
and venting are essential to prevent large losses in windowless buildings under-
ground structures, and buildings housing hazardous operations.

There is no accepted formula for determining the exact requirements for smoke
and heat venting. Establishment of guidelines is the nearest approach that has been
made to venting design, and these must be adapted to the case at hand. Consider-
ation must be given to quantity, shape, size, and combustibility of contents.

Venting Ratios. The ratio of effective vent opening to floor area should be at
least that given in Table 3.4.

Venting can be accomplished by use of monitors, continuous vents, unit-type
vents, or sawtooth skylights. In moderate-sized buildings exterior-wall windows
may be used if they are near the eaves.

Monitors must be provided with operable panels or other effective means of
providing openings at the required time.

Continuous gravity vents are continuous narrow slots provided with a weather
hood above. Movable shutters can be provided and should be equipped to open
automatically in a fire condition.

Vent Spacing. Unit-type vents are readily adapted to flat roofs, and can be
installed in any required number, size, and spacing. They are made in sizes from
4 X 4 ft to 10 X 10 ft, with a variety of frame types and means of automatic
opening. In arriving at the number and size of vents, preference should be given
to a large number of small vents, rather than a few large vents. Because it is
desirable to have a vent as near as possible to any location where a fire can start,
a limit should be placed on the distance between units. Table 3.5 lists the generally
accepted maximum distance between vents.

Releasing Methods. Roof vents should be automatically operated by means that
do not require electric power. They also should be capable of being manually op-
erated. Roof vents approved by Underwriters Laboratories, Inc., are available from
a number of manufacturers.

Refer to National Fire Protection Association standard NFPA 204 in designing
vents for large, one-story buildings. Tests conducted prior to publication of NFPA
231C indicated that a sprinkler system designed for adequate density of water ap-
plication will eliminate the need for roof vents, but the designers would be well
advised to consider the probable speed of fire and smoke development in making
a final decision. NFPA 231C covers the rack storage of materials as high as 20 ft.

TABLE 3.4 Minimum Ratios of Effective TABLE 3.5 Maximum Distance between

Vent Area to Floor Area Vents, Ft
Low-heat-release contents 1:150 Low-heat-release contents 150
Moderate-heat-release contents 1:100 Moderate-heat-release contents 120

High-heat-release contents 1:30-1:50  High-heat-release contents 75-100
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High-Rise Buildings. Building codes vary in their definition of high-rise build-
ings, but the intent is to define buildings in which fires cannot be fought successfully
by ground-based equipment and personnel. Thus, ordinarily, high-rise means build-
ings 100 ft or more high. In design for smoke and heat venting, however, any
multistory building presents the same problems.

Because smoke inhalation has been the cause of nearly all fatalities in high-rise
buildings, some building codes require that a smoke venting system be installed
and made to function independently of the air-conditioning system. Also, smoke
detectors must be provided to actuate exhaust fans and at the same time warn the
fire department and the building’s control center. The control center must have two-
way voice communication, selectively, with all floors and be capable of issuing
instructions for occupant movement to a place of safety.

Because the top story is the only one that can be vented through the roof, all
other stories must have the smoke conducted through upper stories to discharge
safely above the roof. A separate smoke shaft extending through all upper stories
will provide this means. It should be provided with an exhaust fan and should be
connected to return-air ducts with suitable damper control of smoke movement, so
that smoke from any story can be directed into the shaft. The fan and dampers
should be actuated by smoke detectors installed in suitable locations at each inlet
to return-air ducts. Operation of smoke detectors also should start the smoke-vent-
shaft fan and stop supply-air flow. Central-station supervision (Art. 3.5.12) should
be provided for monitoring smoke-detector operation. Manual override controls
should be installed in a location accessible under all conditions.

Windows with fixed sash should be provided with means for emergency opening
by the fire department.

Pressurizing stair towers to prevent the entrance of smoke is highly desirable
but difficult to accomplish. Most standpipe connections are usually located in stair
towers, and it is necessary to open the door to the fire floor to advance the hose
stream toward the fire. A more desirable arrangement would be to locate the riser
in the stair tower, if required by code, and place the hose valve adjacent to the
door to the tower. Some codes permit this, and it is adaptable to existing buildings.

(““The SFPE Handbook of Fire Protection Engineering,” National Fire Protection
Association, Quincy, Mass.)

3.5.10 Emergency Egress

In addition to providing means for early detection of fire, preventing its spread, and
extinguishing it speedily, building designers should also provide the appropriate
number, sizes, and arrangements of exits to permit quick evacuation of occupants
if fire or other conditions dangerous to life occur. Buildings should be designed to
preclude development of panic in emergencies, especially in confined areas where
large numbers of persons may assemble. Hence, the arrangement of exit facilities
should permit occupants to move freely toward exits that they can see clearly and
that can be reached by safe, unobstructed, uncongested paths. Redundancy is highly
desirable; there should be more than one path to safety, so that loss of a single path
will not prevent escape of occupants from a danger area. The paths should be
accessible to and usable by handicapped persons, including those in wheelchairs,
if they may be occupants.

Building codes generally contain requirements for safe, emergency egress from
buildings. Such requirements also are concisely presented in the “Life Safety Code”
of the National Fire Protection Association.
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Egress Components. Many building codes define an exit as a safe means of egress
from the interior of a building to an open exterior space beyond the reach of a
building fire or give an equivalent definition. Other codes consider an exterior door
or a stairway leading to access to such a door to be an exit. To prevent misunder-
standings, the “Life Safety Code” defines a means of egress composed of three
parts.

Accordingly, a means of egress is a continuous, unobstructed path for evacuees
from any point in a building to a public way. Its three parts are:

Exit access—that portion that leads to an entrance to an exit

Exit—the portion that is separated from all other building spaces by construction
or equipment required to provide a protected path to the exit discharge

Exit discharge—the portion that connects the termination of an exit to a public
way

Means of egress may be provided by exterior and interior doors and enclosed
horizontal and vertical passageways, including stairs and escalators. (Elevators and
exterior fire escapes are not generally recognized as reliable means of egress in a
fire.) Exit access includes the space from which evacuation starts and passageways
and doors that must be traversed to reach an exit.

Types of Exits. Building codes generally recognize the following as acceptable
exits when they meet the codes’ safety requirements:

Corridors—enclosed horizontal or slightly inclined public passageways, which
lead from interior spaces toward an exit discharge. Minimum floor-to-ceiling
height permitted is generally 80 in. Minimum width depends on type of occu-
pancy and passageway (Table 3.7 and Art. 3.5.11). Codes may require subdi-
vision of corridors into lengths not exceeding 300 ft for educational buildings
and 150 ft for institutional buildings. Subdivision should be accomplished with
noncombustible partitions incorporating smokestop doors. In addition, codes
may require the corridor enclosures to have a fire rating of 1 or 2 hr.

Exit passageways—horizontal extensions of vertical passageways. Minimum
floor-to-ceiling height is the same as for corridors. Width should be at least that
of the vertical passageways. Codes may require passageway enclosures 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 probable number of evacuees from all
contributing spaces at the lobby level.

Exit doors—doors providing access to streets or to stairs or exit passageways.
Those at stairs or passageways should have a fire rating of at least % hr.

Horizontal exit—passageway to a refuge area. The exit may be a fire door
through a wall with a 2-hr fire rating, a balcony providing a path around a fire
barrier, or a bridge or tunnel between two buildings. Doors in fire barriers with
3- or 4-hr fire ratings should have a 1%:-hr rated door on each face of the fire
division. Walls permitted to have a lower fire rating may incorporate a single
door with a rating of at least 12 hr. Balconies, bridges, and tunnels should be
at least as wide as the doors providing access to them, and enclosures or sides
of these passageways should have a fire rating of 2 hr or more. Exterior-wall
openings, below or within 30 ft of an open bridge or balcony, should have at
least ¥4-hr fire protection.
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Interior stairs—stairs that are inside a building and that serve as an exit. Except
in one-story or two-story low-hazard buildings, such stairs should be built of
noncombustible materials. Stairway enclosures generally should have a 2-hr fire
rating. Building codes, however, may exempt low dwellings from this require-
ment.

Exterior stairs—stairs that are open to the outdoors and that serve as an exit
to ground level. Height of such stairs is often limited to 75 ft or six stories. The
stairs should be protected by a fire-resistant roof and should be built of noncom-
bustible materials. Wall openings within 10 ft of the stairs should have ¥%-hr fire
protection.

Smokeproof tower—a continuous fire-resistant enclosure protecting a stairway
from fire or smoke in a building. At every floor, a passageway should be pro-
vided by vestibules or balconies directly open to the outdoors and at least 40 in
wide. Tower enclosures should have a 2-hr fire rating. Access to the vestibules
or balconies and entrances to the tower should be provided by doorways at least
40 in wide, protected by self-closing fire doors.

Escalators—moving stairs. Building codes may permit their use as exits if they
meet the safety requirements of interior stairs and if they move in the direction
of exit travel or stop gradually when an automatic fire-detection system signals
a fire.

Moving walks—horizontal or inclined conveyor belts for passengers. Building
codes may permit their use as exits if they meet the safety requirements for exit
passageways and if they move in the direction of exit travel or stop gradually
when an automatic fire-detection system signals a fire.

Refuge Areas. A refuge area is a space protected against fire and smoke. When
located within a building, the refuge should be at about the same level as the areas
served and separated from them by construction with at least a 2-hr fire rating.
Access to the refuge areas should be protected by fire doors with a fire rating of
1% hr or more.

A refuge area should be large enough to shelter comfortably its own occupants
plus those from other spaces served. The minimum floor area required may be
calculated by allowing 3 ft* of unobstructed space for each ambulatory person and
30 ft? per person for hospital or nursing-home patients. Each refuge area should be
provided with at least one horizontal or vertical exit, such as a stairway, and in
locations more than 11 stories above grade, with at least one elevator.

Location of Exits. Building codes usually require a building to have at least two
means of egress from every floor. Exits should be remote from each other, to reduce
the chance that both will be blocked in an emergency.

All exit access facilities and exits should be located so as to be clearly visible
to building occupants or signs should be installed to indicate the direction of travel
to the exits. Signs marking the locations of exits should be illuminated with at least
5 ft-c of light. Floors of means of egress should be illuminated with at least 1 ft-c
of artificial light whenever the building is occupied.

If an open floor area does not have direct access to an exit, a protected, contin-
uous passageway should be provided directly to an exit. The passageway should
be kept open at all times. Occupants using the passageway should not have to pass
any high-hazard areas not fully shielded.
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To ensure that occupants will have sufficient escape time in emergencies, build-
ing codes limit the travel distance from the most remote point in any room or space
to a door that opens to an outdoor space, stairway, or exit passageway. The maxi-
mum travel distance permitted depends on the type of occupancy and whether the
space is sprinklered. For example, for corridors not protected by sprinklers, maxi-
mum permitted length may range from 100 ft for storage and institutional buildings
to 150 ft for residential, mercantile, and industrial occupancies. With sprinkler pro-
tection, permitted length may range from 150 ft for high-hazard and storage build-
ings to 300 ft for commercial buildings, with 200 ft usually permitted for other
types of occupancies.

Building codes also may prohibit or limit the lengths of passageways or courts
that lead to a dead end. For example, a corridor that does not terminate at an exit
is prohibited in high-hazard buildings. For assembly, educational, and institutional
buildings, the maximum corridor length to a dead end may not exceed 30 ft,
whereas the maximum such length is 40 ft for residential buildings and 50 ft for
all other occupancies, except high-hazard.

3.5.11 Required Exit Capacity

Minimum width of a passageway for normal use is 36 in. This is large enough to
accommodate one-way travel for persons on crutches or in wheelchairs. For two-
way travel, a 60-in width is necessary. (A corridor, however, need not be 60 in
wide for its full length, if 60 X 60-in passing spaces, alcoves, or corridor intersec-
tions are provided at short intervals.) Building codes, however, may require greater
widths to permit rapid passage of the anticipated number of evacuees in emergen-
cies. This number depends on a factor called the occupant load, but the minimum
width should be ample for safe, easy passage of handicapped persons. Running
slope should not exceed 1:20, and cross slope, 1:50.

Occupant load of a building space is the maximum number of persons that
may be in the space at any time. Building codes may specify the minimum per-
mitted capacity of exits in terms of occupant load, given as net floor area, square
feet, per person, for various types of occupancy (Table 3.6). The number of occu-
pants permitted in a space served by the exits then can be calculated by dividing
the floor area, square feet, by the specified occupant load.

The occupant load of any space should include 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 width for an exit or an exit door
can be determined by dividing the occupant load on the exit by the capacity of the
exit.

Capacities of exits and access facilities generally are measured in units of width
of 22 in, and the number of persons per unit of width is determined by the type of
occupancy. Thus, the number of units of exit width for a doorway is found by
dividing by 22 the clear width of the doorway when the door is in the open position.
(Projections of stops and hinge stiles may be disregarded.) Fractions of a unit of
width less than 12 in should not be credited to door capacity. If, however, 12 in or
more is added to a multiple of 22 in, one-half unit of width can be credited. Building
codes indicate the capacities in persons per unit of width that may be assumed for
various means of egress. Recommendations of the “Life Safety Code” of the Na-
tional Fire Protection Association, Batterymarch Park, Quincy, MA 02269, are sum-
marized in Table 3.7.
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TABLE 3.6 Typical Occupant Load Requirements for

Types of Occupancy

Net floor
area per
occupant,
Occupancy ft
Auditoriums 7
Billiard rooms 50
Bowling alleys 50
Classrooms 20
Dance floors 7
Dining spaces (nonresidential) 12
Exhibition spaces 10
Garages and open parking structures 250
Gymnasiums 15
Habitable rooms 200
Industrial shops 200
In schools 50
Institutional sleeping rooms 120
Kindergartens 35
Kitchens (nonresidential) 200
Laboratories 50
Preparation rooms 100
Libraries 25
Locker rooms 12
Offices 100
Passenger terminals or platforms 1.5C*
Sales areas (retail) 30
First floor or basement
Other floors 60
Seating areas (audience) in places of assembly D¥
Fixed seats
Movable seats 10
Skating rinks 15
Stages S#
Storage rooms 300

*C = capacity of all passenger vehicles that can be unloaded

simultaneously.

D = number of seats or occupants for which space is to be used.
£S = 75 persons per unit of width of exit openings serving a stage
directly, or one person per 15 ft of performing area plus one person
per 50 ft*> of remaining area plus number of seats that may be placed

for an audience on stage.
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TABLE 3.7 Capacities, Persons per Unit of Width, for
Means of Egress

Level egress components, including doors 100
Stairway 60
Ramps 44 in or more wide, slope not more than 10% 100
Narrower or steeper ramps
Up 60
Down 100

3.5.12 Building Operation in Emergencies

For buildings that will be occupied by large numbers of persons, provision should
be made for continuation of services essential to safe, rapid evacuation of occupants
in event of fire or other emergencies and for assisting safe movement of fire fighters,
medical personnel, or other aides.

Standby electric power, for example, should be available in all buildings to
replace the basic power source if it should fail. The standby system should be
equipped with a generator that will start automatically when normal power is cut
off. The emergency power supply should be capable of operating all emergency
electric equipment at full power within 1 min of failure of normal service. Such
equipment includes lights for exits, elevators for fire fighters’ use, escalators and
moving walks designated as exits, exhaust fans and pressurizing blowers, com-
munication systems, fire detectors, and controls needed for fire fighting and life
safety during evacuation of occupants.

In high-rise buildings, at least one elevator should be available for control by
fire fighters and to give them access to any floor from the street-floor lobby. Also,
elevator controls should be designed to preclude elevators from stopping automat-
ically at floors affected by fire.

Supervision of emergency operations can be efficiently provided by personnel
at a control center placed in a protected area. This center may include a computer,
supplemented by personnel performing scheduled maintenance, and should be ca-
pable of continuously monitoring alarms, gate valves on automatic fire sprinklers,
temperatures, air and water pressures, and perform other pertinent functions. Also,
the center should be capable in emergencies of holding two-way conversations with
occupants and notifying police and fire departments of the nature of the emergen-
cies. In addition, provision should be made for the control center to dispatch in-
vestigators to sources of potential trouble or send maintenance personnel to make
emergency repairs when necessary. Standards for such installations are NFPA 72A,
“Local Protective Signaling Systems,” NFPA 72B, “Auxiliary Protective Signaling
Systems,” NFPA 72C, “Remote Station Protective Signaling Systems,” and NFPA
72D. “Proprietary Protective Signaling Systems.” See also Art. 3.7.2.

For economical building operation, the emergency control center may be made
part of a control center used for normal building operation and maintenance. Thus,
the control center may normally control HVAC to conserve energy, turn lights on
and off, and schedule building maintenance and repair. When an emergency occurs,
emergency control should be activated in accordance with prepared plans for han-
dling each type of emergency.

The control center need not be located within the building to be supervised nor
operated by in-house personnel. Instead, an external central station may provide the
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necessary supervision. Such services are available in most cities and are arranged
by contract, usually with an installation charge and an annual maintenance charge.
Requirements for such systems are in National Fire Protection Association standard
NFPA 71.

3.5.13 Safety during Construction

Most building codes provide specific measures that must be taken for fire protection
during construction of buildings. But when they do not, fundamental fire-safety
precautions must be taken. Even those structures that will, when completed, be
noncombustible contain quantities of forming and packing materials that present a
serious fire hazard.

Multistory buildings should be provided with access stairways and, if applicable,
an elevator for fire department use. Stairs and elevator should follow as closely as
possible the upward progress of the structure and be available within one floor of
actual building height. In buildings requiring standpipes, the risers should be placed
in service as soon as possible, and as close to the construction floor as practicable.
Where there is danger of freezing, the water supply can consist of a Siamese con-
nection for fire department use.

In large-area buildings, required fire walls should be constructed as soon as
possible. Competent watchman service also should be provided.

The greatest source of fires during construction is portable heaters. Only the
safest kind should be used, and these safeguarded in every practical way. Fuel
supplies should be isolated and kept to a minimum.

Welding operations also are a source of fires. They should be regulated in ac-
cordance with building-code requirements.

Control of tobacco smoking is difficult during building construction, so control
of combustible materials is necessary. Good housekeeping should be provided, and
all combustible materials not necessary for the work should be removed as soon as
possible.

Construction offices and shanties should be equipped with adequate portable
extinguishers. So should each floor in a multistory building.

3.6 LIGHTNING PROTECTION

Lightning, a high-voltage, high-current electrical discharge between clouds and the
ground, may strike and destroy life and property anywhere thunderstorms have
occurred in the past. Buildings and their occupants, however, can be protected
against this hazard by installation of a special electrical system. Because an incom-
plete or poor installation can cause worse damage or injuries than no protection at
all, a lightning-protection system should be designed and installed by experts.

As an addition to other electrical systems required for a building, a lightning-
protection system increases the construction cost of a building. A building owner
therefore has to decide whether potential losses justify the added expenditure. In
doing so, the owner should take into account the importance of the building, danger
to occupants, value and nature of building contents, type of construction, proximity
of other structures or trees, type of terrain, height of building, number of days per
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year during which thunderstorms may occur, costs of disruption of business or other
activities and the effects of loss of essential services, such as electrical and com-
munication systems. (Buildings housing flammable or explosive materials generally
should have lightning protection.) Also, the owner should compare the cost of
insurance to cover losses with the cost of the protection system.

3.6.1 Characteristics of Lightning

Lightning strikes are associated with thunderstorms. In such storms, the base of the
clouds generally develops a negative electrical charge, which induces a positive
charge in the earth directly below. As the clouds move, the positive charges, being
attracted by the negative charges, follow along the surface of the earth and climb
up buildings, antennas, trees, power transmission towers, and other conducting or
semiconducting objects along the path. The potential between clouds and earth may
build up to 10° to 10° V. When the voltage becomes great enough to overcome the
electrical resistance of the air between the clouds and the ground or an object on
it, current flows in the form of a lightning flash. Thus, the probability of a building
being struck by lightning depends not only on the frequency of occurrence of
thunderstorms but also on building height relative to nearby objects and the intensity
of cloud charges.

Destruction at the earth’s surface may result not only at points hit by lightning
directly but also by electrostatic induction at points several feet away. Also, light-
ning striking a tall object may flash to a nearby object that offers a suitable path
to the ground.

Lightning often shatters nonconductors or sets them on fire if they are combus-
tible. Conductors struck may melt. Living things may be burned or electrocuted.
Also, lightning may induce overvoltages in electrical power lines, sending electrical
charges along the lines in both directions from the stricken point to ground. Direct-
stroke overvoltages may range up to several million volts and several hundred
thousand amperes. Induced strokes, which occur more frequently, may be on the
order of several hundred thousand volts with currents up to 2000 A. Such over-
voltages may damage not only electric equipment connected to the power lines but
also buildings served by them. Consequently, lightning protection is necessary for
outdoor conductors as well as for buildings.

3.6.2 Methods for Protecting against Lightning

Objectives of lightning protection are life safety, prevention of property damage,
and maintenance of essential services, such as electrical and communication sys-
tems. Lightning protection usually requires installation of electrical conductors that
extend from points above the roof of a building to the ground, for the purpose of
conducting to the ground lightning that would otherwise strike the building. Such
an installation, however, possesses the potential hazard that, if not done properly,
lightning may flash from the lightning conductors to other building components.
Hence, the system must ensure that the lightning discharge is diverted away from
the building and its contents. Lightning protection systems should conform to the
standards of the American National Standards Institute, National Fire Protection
Association (NFPA 78, “Lightning Protection Code’’) and Underwriters Labora-
tories (UL 96A, “Master Labeled Lightning-Protection Systems”).
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The key element in diverting lightning away from a building is an air terminal
or lightning rod, a conductor that projects into the air at least 12 in above the roof.
Air terminals should be spaced at intervals not exceeding 25 ft. Alternatively, a
continuous wire conductor or a grid of such conductors may be placed along the
highest points of a roof. If the tallest object on a roof is a metal mast, it can act
as an air terminal. A metal roof also can serve as an air terminal, but only if all
joints are made electrically continuous by soldering, welding, or interlocking. Ar-
ranged to provide a cone of protection over the entire building, all the air terminals
should be connected by conductors to each other and, by the same or other con-
ductors, to the ground along at least two separated paths.

For roof and down conductors, copper, copper-clad steel, galvanized steel or a
metal alloy that is as resistant to corrosion as copper may be used. (A solid copper
conductor should be at least ¥4 in in diameter.) Direct connections between dissim-
ilar metals should be avoided to prevent corrosion. Metal objects and non-current-
carrying components of electrical systems should be kept at least 6 ft away from
the lightning conductors or should be bonded to the nearest lightning conductor.
Sharp bends in the conductors are not desirable. If a 90° bend must be used, the
conductor should be firmly anchored, because the high current in a lightning stroke
will tend to straighten the bend. If the conductor has a U bend, the high current
may induce an electric arc to leap across the loop while also exerting forces to
straighten out the bend.

In steel-frame buildings, the steel frame can be used as a down conductor. In
such cases, the top of the frame should be electrically connected to air terminals
and the base should be electrically connected to grounding electrodes. Similarly,
the reinforcing steel of a reinforced concrete building can be used as down con-
ductors if the reinforcing steel is bonded together from foundations to roof.

Damage to the electrical systems of buildings can be limited or prevented by
insertion of lightning arresters, safety valves that curtail overvoltages and bypass
thc current surge to a ground system, at the service entrance. Further protection
can be afforded electrical equipment, especially sensitive electronic devices, by
installing surge protectors, or spark gaps, near the equipment.

The final and equally important elements of a lightning-protection system are
grounding electrodes and the earth itself. The type and dimensions of the grounds,
or grounding electrodes, depends on the electrical resistance, or resistivity, of the
earth, which can be measured by technicians equipped with suitable instruments.
The objective of the grounding installation, which should be electrically bonded to
the down conductors, should be an earth-system resistance of 10 ) or less. Under-
ground water pipes can serve as grounds if they are available. If not, long metal
rods can be driven into the ground to serve as electrodes. Where earth resistivity
is poor, an extensive system of buried wires may be required.

(J. L. Marshall, “Lightning Protection,” John Wiley & Sons, Inc., New York.)

3.7 PROTECTION AGAINST INTRUDERS

Prevention of illegal entry into buildings by professional criminals determined to
break in is not practical. Hence, the prime objective of security measures is to make
illegal entry difficult. If this is done, it will take an intruder longer to gain entry or
will compel the intruder to make noise, thus increasing the chances of detection
and apprehension. Other objectives of security measures are detection of break-in
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attempts and intruders, alarming intruders so that they leave the premises before
they cause a loss or injury, and alerting building occupants and the police of the
break-in attempt. Also, an objective is to safeguard valuable assets by placing them
in a guarded, locked, secure enclosure with access limited only to approved per-
sonnel.

Some communities have established ordinances setting minimum requirements
for security and incorporated them in the building code. (Communities that have
done this include Los Angeles, Oakland, and Concord in California; Indianapolis,
Ind.; Trenton, N.J.; Arlington Heights, Ill.; Arlington County, Va.; and Prince
George’s County, Md.) Provisions of these codes cover security measures for doors
and windows and associated hardware, accessible transoms, roof openings, safes,
lighting of parking lots, and intrusion-detection devices. For buildings requiring
unusual security measures, owners and designers should obtain the advice of a
security expert.

3.7.1 Security Measures

Basic security for a building is provided by commonly used walls and roofs with
openings protected by doors with key-operated locks or windows with latches. The
degree of protection required for a building and its occupants beyond basic security
and privacy needs depends on the costs of insurance and security measures relative
to potential losses from burglary and vandalism.

For a small building not housing small items of great value (these can be placed
in a safety deposit box in a bank), devices for detecting break-in attempts are
generally the most practical means for augmenting basic security. Bells, buzzers,
or sirens should be installed to sound an alarm and automatic telephone or wireless
dialer should be used to alert a monitoring service to notify the police when an
intruder tries to enter the locked building or a security area.

For a large building or a building requiring tight security, defense should be
provided in depth. Depending on the value of assets to be protected, protection
should start at the boundary of the property, with fences, gates, controlled access,
guard patrols, exterior illumination, alarms, or remote surveillance by closed-circuit
television. This defense should be backed up by similar measures at the perimeter
of the building and by security locks and latches on doors and windows. Openings
other than doorways or windows should be barred or made too small for human
entry and screened. Within the building, valuables should be housed in locked
rooms or a thick, steel safe, with controlled access to those areas.

For most types of occupancy, control at the entrance often may be provided by
a receptionist who records names of visitors and persons visited, notifies the latter
and can advise the police of disturbances. When necessary, the receptionist can be
augmented by a guard at the control point or in a security center and, in very large
or high-rise buildings, by a roving guard available for emergencies. If a large se-
curity force is needed, facilities should be provided in the building for an office for
the security administrator and staff, photographic identification, and squad room
and lockers—all in or adjoining a security center.

3.7.2 Security Center

The security center may be equipped with or connected to electronic devices that
do the following:
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5.
6.

7.

. Detect a break-in attempt and sound an alarm.

. Identify the point of intrusion.

. Turn on lights.

. Display the intruder on closed-circuit television and record observations on

videotape.
Notify the police.

Limit entry to specific spaces only to approved personnel and only at permitted
times.

Change locks automatically.

In addition, the center may be provided with emergency reporting systems, security
guard tour reporting systems, fire detection and protection systems, including su-
pervision of automatic fire sprinklers, HVAC controls, and supervision of other life
safety measures. See also Art. 3.5.12.

(P. S. Hopf, “Handbook of Building Security Planning and Design,” McGraw-

Hill Publishing Company, New York.)



SECTION FOUR
BUILDING MATERIALS

David J. Akers

Civil Engineer, San Diego, California

This section describes the basic materials used in building construction and dis-
cusses their common applications. As the world’s population increases and con-
sumes more of the natural resources, it is incumbent upon the civil engineer to use
building materials that contribute to sustaining development instead of satisfying
only the short-term need. Material selection should incorporate an evaluation of the
amount of energy required to produce and deliver the material to the building site.
This concept of “embodied energy” is evolving and variable. As an example, in
the Pacific Northwest lumber would have an “embodied energy” of 1, but in the
arid Southwest transportation raises the value several points. Examples of other
materials are concrete (2-3), steel (4-6), and aluminum (80). For discussion pur-
poses, materials used in similar applications are grouped and discussed in sequence,
for example, masonry materials, wood, metals, plastics, etc.

CEMENTITIOUS MATERIALS

Cementitious materials include the many products that are mixed with either water
or some other liquid or both to form a cementing paste that may be formed or
molded while plastic but will set into a rigid shape. When sand is added to the
paste, mortar is formed. A combination of coarse and fine aggregate (sand) added
to the paste forms concrete.

4.1 TYPES OF CEMENTITIOUS MATERIALS

There are many varieties of cements and numerous ways of classification. One of
the simplest classifications is by the chemical constituent that is responsible for the
setting or hardening of the cement. On this basis, the silicate and aluminate cements,
wherein the setting agents are calcium silicates and aluminates, constitute the most
important group of modern cements. Included in this group are the portland, alu-
minous, and natural cements.

4.1
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Limes, wherein the hardening is due to the conversion of hydroxides to carbon-
ates, were formerly widely used as the sole cementitious material, but their slow
setting and hardening are not compatible with modern requirements. Hence, their
principal function today is to plasticize the otherwise harsh cements and add resil-
ience to mortars and stuccoes. Use of limes is beneficial in that their slow setting
promotes healing, the recementing of hairline cracks.

Another class of cements is composed of calcined gypsum and its related prod-
ucts. The gypsum cements are widely used in interior plaster and for fabrication of
boards and blocks; but the solubility of gypsum prevents its use in construction
exposed to any but extremely dry climates.

Oxychloride cements constitute a class of specialty cements of unusual proper-
ties. Their cost prohibits their general use in competition with the cheaper cements;
but for special uses, such as the production of sparkproof floors, they cannot be
equaled.

Masonry cements or mortar cements are widely used because of their conven-
ience. While they are, in general, mixtures of one of more of the above-mentioned
cements with some admixtures, they deserve special consideration because of their
economies.

Other cementitious materials, such as polymers, fly ash, and silica fume, may
be used as a cement replacement in concrete. Polymers are plastics with long-chain
molecules. Concretes made with them have many qualities much superior to those
of ordinary concrete.

Silica fume, also known as microsilica, is a waste product of electric-arc fur-
naces. The silica reacts with limes in concrete to form a cementitious material. A
fume particle has a diameter only 1% of that of a cement particle.

4.2 PORTLAND CEMENTS

Portland cement, the most common of the modern cements, is made by carefully
blending selected raw materials to produce a finished material meeting the require-
ments of ASTM C150 for one of eight specific cement types. Four major com-
pounds [lime (Ca0), iron (Fe,O,), silica (SiO,), and alumina (Al,O;)] and two
minor compounds [gypsum (CaSO, - 2H,0) and magnesia (MgO)] constitute the
raw materials. The calcareous (CaO) materials typically come from limestone, cal-
cite, marl, or shale. The argillaceous (SiO, and Al,O,) materials are derived from
clay, shale, and sand. The materials used for the manufacture of any specific cement
are dependent on the manufacturing plant’s location and availability of raw mate-
rials. Portland cement can be made of a wide variety of industrial by-products.

In the manufacture of cement, the raw materials are first mined and then ground
to a powder before blending in predetermined proportions. The blend is fed into
the upper end of a rotary kiln heated to 2600 to 3000°F by burning oil, gas, or
powdered coal. Because cement production is an energy-intensive process, reheaters
and the use of alternative fuel sources, such as old tires, are used to reduce the fuel
cost. (Burning tires provide heat to produce the clinker and the steel belts provide
the iron constituent.) Exposure to the elevated temperature chemically fuses the raw
materials together into hard nodules called cement clinker. After cooling, the clinker
is passed through a ball mill and ground to a fineness where essentially all of it
will pass a No. 200 sieve (75 wm). During the grinding, gypsum is added in small
amounts to control the temperature and regulate the cement setting time. The ma-
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terial that exits the ball mill is portland cement. It is normally sold in bags con-
taining 94 Ib of cement.

Concrete, the most common use for portland cement, is a complex material
consisting of portland cement, aggregates, water, and possibly chemical and mineral
admixtures. Only rarely is portland cement used alone, such as for a cement slurry
for filling well holes or for a fine grout. Therefore, it is important to examine the
relationship between the various portland cement properties and their potential ef-
fect upon the finished concrete. Portland cement concrete is generally selected for
structural use because of its strength and durability. Strength is easily measured and
can be used as a general directly proportional indicator of overall durability. Specific
durability cannot be easily measured but can be specified by controlling the cement
chemistry and aggregate properties.

4.2.1 Specifications for Portland Cements

ASTM C150 defines requirements for eight types of portland cement. The pertinent
chemical and physical properties are shown in Table 4.1. The chemical composition
of portland cement is expressed in a cement-chemistry shorthand based on four
phase compounds: tricalcium silicate (C,S), dicalcium silicate (C,S), tricalcium alu-
minate (C,A), and tetracalcium aluminum ferrite (C,AF). C,S and C,S are termed
the calcium silicate hydrates (CSH).

Most cements will exceed the requirements shown in Table 4.1 by a comfortable
margin. Note that the required compressive strengths are minimums. Almost with-
out exception, every portland cement will readily exceed these minimum values.
However, a caution must be attached to compressive strengths that significantly
exceed the minimum values. While there is not a one-to-one correlation between a
cement cube strength and the strength of concrete made with that cement (5000-
psi cement does not equate to 5000-psi concrete), variations in cube strengths will
be reflected in the tested concrete strength. It is imperative that, as the designed
concrete strength reaches 5000 psi and greater, the cement cube strength be rigor-
ously monitored. Any lowering of the running average will have a negative effect
on the strength of concrete if the concrete mix design is not altered.

The basic types of portland cement covered by ASTM C150 are as follows:

Type I, general-purpose cement, is the one commonly used for many structural
purposes. Chemical requirements for this type of cement are limited to magnesia
and sulfur-trioxide contents and loss on ignition, since the cement is adequately
defined by its physical characteristics.

Type II is a modified cement for use in general concrete where a moderate
exposure to sulfate attack may be anticipated or where a moderate heat of hydration
is required. These characteristics are attained by placing limitations on the C,S and
C,A content of the cement. Type Il cement gains strength a little more slowly than
Type | but ultimately will achieve equal strength. It is generally available in most
sections of the country and is preferred by some engineers over Type | for general
construction. Type Il cement may also be specified as a low-alkali cement for use
where alkali reactive aggregates are present. To do so requires that optional chem-
ical requirements (Table 4.2) be included in the purchase order. Type Il low-alkali
cement is commonly specified in California.

Type III cement attains high early strength. In 7 days, strength of concrete made
with it is practically equal to that made with Type | or Type Il cement at 28 days.
This high early strength is attained by finer grinding (although no minimum is
placed on the fineness by specification) and by increasing the C,S and C,A content
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TABLE 4.1 Chemical and Physical Requirements for Portland Cement*

Type: land IA 1l and 1A 11l and HHIA v \Y
Name: General- High Low-  Sulfate-
purpose  Modified early heat  resisting
C,S, max % 35
C,S, min % 40
C A, max % 8 15 7 5
SiO,, min % 20
Al,O;, max % 6
Fe,0,, max % 6 6.5
MgO, max % 6 6 6 6 6
SO,, max %:
When C,A = 8% 3 3 35 2.3 23
When C,A > 8% 35 45
C,AF + 2(C,A), max % 25
Fineness, specific surface, m?/kg 160 160 160 160
Average min, by turbidimeter
Average min, by air 280 280 280 280

permeability test

Compressive strength, psi, mortar

cubes of 1 part cement and 2.75

parts graded standard sand after:

1 day min 1800
Standard
Air-entraining 1450

3 days min 1800 1500 3500 1200
Standard
Air-entraining 1450 1200 2800

7 days min 2800 2500 1000 2200
Standard
Air-entraining 2250 2000

28 days min 2500 3000
Standard

*Based on requirements in “Standard Specification for Portland Cement,” ASTM C150. See current
edition of C150 for exceptions, alternatives, and changes in requirements.

of the cement. Type Il cement, however, has high heat evolution and therefore
should not be used in large masses. Because of the higher C,A content, Type IlI
cement also has poor sulfate resistance. Type Il cement is not always available
from building materials dealers’ stocks but may be obtained by them from the
cement manufacturer on short notice. Ready-mix concrete suppliers generally do
not stock Type 11l cement because its shorter set time makes it more volatile to
transport and discharge, especially in hot weather.

Type IV is a low-heat cement that has been developed for mass concrete con-
struction. Normal Type | cement, if used in large masses that cannot lose heat by
radiation, will liberate enough heat during the hydration of the cement to raise the
temperature of the concrete as much as 50 or 60°F. This results in a relatively large
increase in dimensions while the concrete is still soft and plastic. Later, as the
concrete cools are hardening, shrinkage causes cracks to develop, weakening the
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TABLE 4.2 Optional Chemical Requirements for Portland Cement*

| and Il and 111 and
Cement type 1A 1A 1A [\ Vv

Tricalcium aluminate (C,A), max %
For moderate sulfate resistance 8
For high sulfate resistance 5
Sum of tricalcium silicate and 58
tricalcium aluminate, max %t

Alkalies (Na,0 + 0.658K,0), max %%  0.60 0.60 0.60 060  0.60

*These optional requirements apply only if specifically requested. Availability should be verified.

T For use when moderate heat of hydration is required.

¥ Low-alkali cement. This limit may be specified when cement is to be used in concrete with aggregates
that may be deleteriously reactive. See *“Standard Specification for Concrete Aggregates,” ASTM C33.

concrete and affording points of attack for aggressive solutions. The potential-phase
compounds that make the largest contribution to the heat of hydration are C,S and
C,A; so the amounts of these are permitted to be present are limited. Since these
compounds also produce the early strength of cement, the limitation results in a
cement that gains strength relatively slowly. This is of little importance, however,
in the mass concrete for which this type of cement is designed.

Type V is a portland cement intended for use when high sulfate resistance is
required. Its resistance to sulfate attack is attained through the limitation on the
C,A content. It is particularly suitable for structures subject to attack by liquors
containing sulfates, such as liquids in wastewater treatment plants, seawaters, and
some other natural waters.

Both Type 1V and Type V cements are specialty cements. They are not normally
available from dealer’s stock but are usually obtainable for use on a large job if
arrangements are made with the cement manufacturer in advance.

4.2.2 Air-Entraining Portland Cements

For use in the manufacturer of air-entraining concrete, agents may be added to the
cement by the manufacturer, thereby producing air-entraining portland cements
(“Air-Entraining Additions for Use in the Manufacture of Air-Entraining Portland
Cement,” ASTM C226). These cements are available as Types IA, 1A, and Il1A.

4.3 ALUMINOUS CEMENTS

These are prepared by fusing a mixture of aluminous and calcareous materials
(usually bauxite and limestone) and grinding the resultant product to a fine powder.
These cements are characterized by their rapid-hardening properties and the high
strength developed at early ages. Table 4.3 shows the relative strengths of 4-in
cubes of 1:2:4 concrete made with normal portland, high-early-strength portland,
and aluminous cements.

Since a large amount of heat is liberated with rapidly by aluminous cement
during hydration, care must be taken not to use the cement in places where this
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TABLE 4.3 Relative Strengths of Concrete Made from Portland
and Aluminous Cements*

Compressive strength, psi

Days Normal portland High-early portland Aluminous

1 460 790 5710
3 1640 2260 7330
7 2680 3300 7670
28 4150 4920 8520
56 4570 5410 8950

*Adapted from F. M. Lea, “Chemistry of Cement and Concrete,” St.
Martin’s Press, Inc., New York.

heat cannot be dissipated. It is usually not desirable to place aluminous-cement
concretes in lifts of over 12 in; otherwise the temperature rise may cause serious
weakening of the concrete.

Aluminous cements are much more resistant to the action of sulfate waters than
are portland cements. They also appear to be much more resistant to attack by
water containing aggressive carbon dioxide or weak mineral acids than the silicate
cem