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xi

First published a quarter-century ago, Fundamentals of 
Building Construction: Materials and Methods, now in its 

sixth edition, has wrought a revolution in construction 

education. It has been instrumental in making a previ-

ously unpopular area of study not merely palatable but 

vibrant and well liked. It has taken a body of knowledge 

once characterized as antithetical to design excellence 

and made it widely recognized as being centrally relevant 

to good building design. It has replaced dry, unattractive 

books with a well-designed, readable volume that students 

value and keep as a reference work. It was the first book 

in its field to be even-handed in its coverage and profusely 

and effectively illustrated throughout. It was the first to 

release the teacher from the burden of explaining every-

thing in the subject, thereby freeing class time for discus-

sions, case studies, field trips, and other enrichments.

Gaining a useful knowledge of the materials and 

methods of building construction is crucial and a neces-

sity for the student of architecture, engineering, or con-

struction, but it can be a daunting task. The field is huge, 

diverse, and complex, and it changes at such a rate that it 

seems impossible ever to master it. This book has gained 

its preeminent status as an academic text in this field 

because of its logical organization, outstanding illustra-

tions, clear writing, pleasing page layouts, and distinctive 

philosophy.

It is integrative, presenting a single narrative that 

interweaves issues of building science, materials science, 

legal constraints, and building craft so that the reader 

does not have to refer to separate parts of the book to 

make the connections among these issues. Building tech-

niques are presented as whole working systems rather 

than component parts.

It is selective rather than comprehensive. This makes 

it easy and pleasant for the reader to gain a basic work-

ing knowledge that can later be expanded, without pil-

ing on so many facts and figures that the reader becomes 

confused or frightened away from wanting to learn about 

construction. Reading other texts was once like trying to 

drink from a fire hose; reading this one is like enjoying a 

carefully prepared meal.

It is empowering because it is structured around the 

process of designing and constructing buildings. The 

student of architecture will find that it features the design 

possibilities of the various materials and systems. Students 

interested in building or managing the construction 

process will find its organization around construction 

sequences to be invaluable.

The book is necessarily complex without being com-

plicated. It avoids the dilemma of having to expand ad 

infinitum over time by presenting the basic construc-

tion systems, each in sufficient detail that the student is 

brought to an operational level of knowledge. It deals, as 

its subtitle indicates, with fundamentals.

In this latest edition, we have updated and revised 

many portions of the text. To name a few, in Chapter 1, 

an expanded discussion of buildings and the environ-

ment reflects the continuing evolution and maturation 

of sustainable building practice. Attention to the role of 

the constructor and to considerations of construction 

management continues to receive more in-depth con-

sideration. Many facets of foundations and sitework have 

been updated in Chapter 2. Chapters 3 through 7, cover-

ing wood materials and construction systems, have been 

extensively updated: An entirely new construction system, 

cross-laminated timber, is introduced; a greater emphasis 

is given to manufactured wood products, reflecting this 

trend within the industry; and the influence of the most 

recent energy codes and sustainability standards on the 

enclosure of these building systems is reflected in revised 

text and updated illustrations. Throughout the remaining 

portions of the text, new developments in materials and 

methods, sustainable practices, and building regulations 

have been incorporated. Finally, a special effort was made 

to update illustrations and photographs, both to ensure 

currency of information and to provide the greatest pos-

sible visual interest for the reader. 

We continue to take maximum advantage of the 

World Wide Web. The text’s encyclopedic details, along 

with an array of additional resources for both students and 

instructors, are readily available via its dedicated web site 

(www.wiley.com/go/constructioneducation6e). A Respon-

dus test bank, PowerPoint lecture slides, Instructor’s Manual, 
and more can be found there for instructors. For students, 

there are flashcards and interactive self-test questions, 

as well as SketchUp exercises and animations, which are 
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indicated by icons found throughout the text. Coauthor 

Joseph Iano’s construction blog (www.ianosbackfill.com) 

provides an outlet for additional content and coverage of 

new developments in the field. The selected list of Web 

site addresses included in the reference section at the end 

of each chapter provides links to the other most relevant 

resources that are available on the Web, which provide 

starting points for students’ further explorations.

The updated companion Exercises in Building Construc-
tion and its answer key continue to provide a unique and 

invaluable tool for helping students to understand the 

real-world application of building construction knowl-

edge to the design and construction of buildings.

In this edition, a special thank-you goes to illustrators 

Heather McArthur and Terrel Broiles for their patience 

with the authors, perseverance in their work, and suc-

cess in maintaining the high standards established by 

this book’s previous illustrators. Alexander Schreyer also 

deserves mention for his contribution of interactive exer-

cises and other supporting materials on the companion 

Web site.

The authors are, as always, grateful to the pub-

lisher, John Wiley & Sons, without whom the continued 

improvement of this text and its supporting materials 

would not be possible. Amanda L. Miller, Vice President 

and Publisher, has for many years been a source of wisdom 

and support. Paul Drougas, Editor, has been invaluable 

for his industry knowledge, patience, and sense of humor. 

He remains a true friend. Lauren Olesky, Developmen-

tal Editor, and Mike New, Editorial Assistant, have been 

hard working and helpful through all stages of this revi-

sion. Donna Conte, Senior Production Editor, continues, 

as in previous revisions, to oversee the most difficult task 

of managing production and schedules with grace and 

perseverance. Diana Cisek, and too many others to name 

here, also deserve our thanks for their parts in helping 

bring this effort to fruition.

We especially offer our thanks to the many teach-

ers, students, and professionals who have purchased and 

used this work. Your satisfaction is our greatest reward, 

your loyalty is greatly appreciated, and your comments are 

always welcome!

—E.A., South Natick, Massachusetts

—J.I., Seattle, Washington

http://www.ianosbackfill.com
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An ironworker connects a steel wide-flange beam to a column.
(Courtesy of Bethlehem Steel Company)
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Learning to Build

This book is about the materials 

and methods of building construc-

tion. Throughout it, alternative 

ways of building are described: dif-

ferent structural systems, different 

methods of building enclosure, and 

different interior finishes. Each has 

characteristics that distinguish it 

from the alternatives. Sometimes 

a material is selected chiefly for 

its visual qualities, as in choosing 

one type of granite over another, 

selecting a particular color of paint, 

or specifying a special pattern of 

tile. Visual distinctions can extend 

beyond surface qualities. A designer 

may prefer the massive appearance 

of a masonry bearing wall building 

to that of a more slender exposed 

steel frame on one project, yet 

would choose the steel for another. 

Choices may be made for functional 

reasons, as in selecting a highly 

durable and water-resistant pol-

ished concrete instead of carpet or 

wood for a restaurant kitchen floor. 

Or, choices can be made on purely 

technical grounds, as, for example, 

in selecting a construction system 

that is noncombustible, so as to 

achieve a suitable level of building 

fire safety.

A building designer’s choices are 

frequently constrained by regulations 

intended to protect public safety and 

welfare. Choices may be influenced 

by considerations of environmental 

when compared to the larger and 

often more interesting themes of 

building form and function. To the 

experienced building professional, 

who has seen buildings fail both aes-

thetically and functionally for want 

of attention to one or more of these 

concerns, these are issues that must 

be resolved as a matter of course to 

ensure a successful project outcome.

To gain a thorough knowledge 

of building construction, it is incum-

bent upon the student to go beyond 

what can be presented here—to other 

books, product literature, trade pub-

lications, professional periodicals, 

and especially the design office, work-

shop, and building site. One must 

learn how materials feel in the hand; 

how they look in a building; how they 

are manufactured, worked, and put 

in place; how they perform in service; 

how they deteriorate with time. One 

must become familiar with the peo-

ple and organizations that produce 

buildings—the architects, engineers, 

materials suppliers, contractors, sub-

contractors, workers, inspectors, 

managers, and building owners—and 

learn to understand their respective 

methods, problems, and points of 

view. There is no other way to gain the 

breadth of information and experi-

ence necessary than to get involved in 

the art and practice of building.

In the meantime, this long and 

hope fully enjoyable process of educa-

tion in the materials and methods of 

build ing construction can begin with the 

information presented in this textbook.

Go into the field where 

you can see the machines and 

methods at work that make the 

modern buildings, or stay in 

construction direct and simple 

until you can work naturally 

into building-design from the 

nature of construction.

—Frank Lloyd Wright, “To the Young 

Man in Architecture,” 1931

We build because not all human activity can take place outdoors. 
We need shelter from sun, wind, rain, and snow. We need dry, 
level surfaces for our activities. Often we need to stack these 
surfaces to multiply available space. On these surfaces, and within 
our shelter, we need air that is warmer or cooler, more or less 
humid, than outdoors. We need less light by day, and more by 
night, than is offered by the natural world. We need services that 
provide energy, communications, and water and dispose of wastes. 
So, we gather materials and assemble them into the constructions 
we call buildings in an attempt to satisfy these needs.

sustainability. And frequently, selec-

tions are made on economic grounds. 

Sometimes one system is chosen over 

another because its first cost is less. 

Other times the full life-cycle costs—

including first cost, maintenance, 

energy consumption, useful lifetime, 

and replacement—of competing sys-

tems are compared.

In describing the major systems 

of building construction, this text-

book presents concerns that fall into 

two broad categories: building per-

formance and building construction. 

Performance concerns relate to the 

inescapable problems that must be con-

fronted in every building: fire; the flow 

of heat, air, and water vapor through 

the building enclosure; the small, but 

nonetheless important, movements of 

the building and its parts; water leak-

age; acoustical performance; aging 

and deterioration of materials; cleanli-

ness; building maintenance; and so on.

Construction concerns relate to 

the practical problems of getting a 

building built safely, on time, within 

budget, and to the required standards 

of quality: sequencing of construction 

operations for maximum productiv-

ity; optimum use of building trades; 

division of work between the shop 

and the building site; convenient and 

safe worker access to construction 

operations; effects of weather; mak-

ing building components fit together; 

quality testing of materials and com-

ponents during construction; and 

much more. To the novice, these mat-

ters may seem of minor consequence 
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Buildings and the 
Environment

In constructing and occupying build-

ings, we expend vast quantities of the 

earth’s resources and generate a sig-

nificant portion of its environmental 

pollution. Buildings account for 30 

to 40 percent of the world’s energy 

consumption and carbon dioxide gas 

(CO2) emissions. In the United States, 

buildings consume approximately 

35  percent of this country’s energy, 

65 percent of its electricity, 12 percent 

of its potable water, and 30 percent of 

its raw materials. Building construction 

and operation together are responsi-

ble for roughly 40 percent of U.S. total 

greenhouse gas emissions and a third 

of its solid waste stream. Buildings are 

also significant emitters of particulates 

and other air pollutants. In short, 

building construction and operation 

cause many forms of environmental 

degradation and place a heavy burden 

on the earth’s resources.

One simple definition of sustain-
ability is building to meet the needs 

of the present generation without 

compromising the ability of future 

generations to meet their needs. By 

consuming irreplaceable fossil fuels 

and other nonrenewable resources, by 

building in sprawling urban patterns 

that cover extensive areas of prime 

agricultural land, by using destructive 

forestry practices that degrade natural 

ecosystems, by allowing topsoil to be 

eroded by wind and water, by generat-

ing substances that pollute water, soil, 

and air, and by generating copious 

amounts of waste materials that are 

eventually incinerated or buried in 

the earth, we have been building in a 

manner that will make it increasingly 

difficult for our children and grand-

children to meet their needs for com-

munities, buildings, and healthy lives.

Sustainable building construc-

tion demands a more symbiotic rela-

tionship between people, buildings, 

communities, and the natural environ-

ment. Sustainable buildings—in both 

their operation and construction—

must use less energy, consume fewer 

resources, cause less pollution of the 

air, water, and soil, reduce waste, dis-

courage wasteful land development 

practices, contribute to the protec-

tion of natural environments and eco-

systems, provide healthier interiors 

for building occupants, and minimize 

adverse social impacts.

The practice of sustainable 

design and construction, also called 

green building, continues to mature. 

The understanding of the interplay 

between buildings and the environ-

ment has deepened and standards 

for sustainability continue to evolve. 

Interest in and adoption of green 

building has broadened among public 

agencies, private owners, and building 

occupants. The design and construc-

tion industry has become more skillful 

at applying green practices, and sus-

tainable building is becoming more 

integrated with mainstream prac-

tice. As a result, sustainable building 

performance is improving while the 

premium in cost and effort to design 

and construct such buildings in com-

parison to conventional buildings is 

declining or disappearing completely.

Sustainable Building Materials

Building sustainably requires access 

to information about the environ-

mental impacts of the materials used 

in construction. For example, when 

selecting a material, the designer 

must ask: Does its manufacture 

depend on the extraction of nonre-

newable resources, or is it made from 

recycled or rapidly renewable materi-

als? Is additional energy required to 

ship the material from a distant loca-

tion, or is it produced locally? Does 

the material contain toxic ingredients 

or generate unhealthful emissions, or 

is it free of such concerns? To enable 

meaningful decision making, reliable 

product information must be readily 

available to all the parties involved in 

the selection of materials for sustain-

able building design.

A series of international standards, 

designated as ISO 14020, distinguish 

three types of environmental labels that 

define expectations for comprehen-

siveness and reliability of sustainable 

materials and product information:

Type I Ecolabels are independent, 

third-party certifications of environ-

mental performance. Their accuracy 

and comprehensiveness are intended 

to ensure that the information provid-

ed is unbiased, relevant, and reliable.

Type II Self-Declared Environmental 
Claims are provided directly by prod-

uct manufacturers, without indepen-

dent verification. They may also be 

more limited in scope than Type I la-

bels. Type II labels may provide useful 

information, but users must employ 

their own judgment in evaluating the 

appropriateness of these products for 

a particular application.

Type III Environmental Impact La-
bels provide the most comprehensive 

assessments of products and their 

environmental impacts on a compre-

hensive life-cycle basis. However, they 

do not in themselves provide environ-

mental ratings or judgments—it is up 

to the user to interpret the data for this 

purpose. The information in Type III 

labels is independently verified, but 

the label itself may be prepared by the 

product manufacturer.

An example of a Type I Ecola-

bel is Green Seal Standard GS-11 for 

Paints and Coatings. Green Seal is a 

not-for-profit, independent organiza-

tion that develops sustainability stan-

dards and certifications. For a paint 

or coating product to be certified to 

the GS-11 standard, it must:

Meet minimum performance re-

quirements, such as adhesion, ease of 

application, hiding power, washability, 

and fade resistance

Be free of highly hazardous ingredi-

ents (for example, carcinogens)

Not exceed permitted amounts for 

other less hazardous ingredients such 

as volatile organic compounds (a class 

of chemicals that contribute to air pol-

lution and can act as irritants to build-

ing occupants)
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Be sold with instructions to the end 

user for safe application and respon-

sible methods of disposal

By relying on this Green Seal 

certification, the paint specifier can 

easily and confidently identify envi-

ronmentally responsible products 

from which to choose, without having 

to perform in-depth investigations of 

individual products.

Recycled materials content is 

an example of product information 

that is often provided in the form of 

a Type II Self-Declared Environmen-

tal Claim. That is, this information 

is usually reported directly by the 

product manufacturer, without third-

party verification. This places more 

burden on the user of that informa-

tion to determine its applicability. For 

example, the LEED® rating system 

(discussed later in this section) calcu-

lates recycled materials content as the 

sum of postconsumer content (mate-

rials recycled after use) plus one-half 

of preconsumer content (materials 

recycled during manufacturing). 

When relying on a Type II claim to 

determine recycled content for pos-

sible LEED credit, the designer must 

verify that the manufacturer’s con-

tent claims accurately correspond to 

this standard’s calculation method. 

At present, in North America, Type I 

and II environmental labels are the 

types in most common use.

An example of Type III labeling is 

the Western Red Cedar Association’s 

Typical Red Cedar Decking Product 

Declaration. This 10-page document 

describes this product’s material 

characteristics and quantifies—in 

detail—the environmental impacts of 

the product throughout its life. For 

example, for every 100 square feet of 

decking harvested, milled, trucked to 

the construction site, installed, main-

tained through its useful life, and 

then disposed of at the end of its life, 

this declaration reports the following 

impacts:

2,500,000 BTU (2600 MJ) of energy 

consumed

0.1 gallons (0.3 liters) of fresh water 

consumed

180 lb (80 kg) of nonhazardous 

waste generated

Additional information in the 

report quantifies materials consump-

tion, global warming potential (total 

contribution to global warming), 

smog production, ozone depletion, 

acidification and eutrophication 

potential, and more. Information 

about the standards to which this 

information is prepared and inde-

pendent verification of the reported 

results are also included. This docu-

ment does not, in itself, provide an 

environmental rating of the prod-

uct. But it can be used, for example, 

in comparing Western red cedar to 

some other decking material, such as 

recycled plastic decking, to assess the 

relative environmental consequences 

of choosing one of these materials 

over the other.

Not all sustainable product infor-

mation necessarily fits neatly into 

one of these three label types. But 

considerations of comprehensive-

ness, independence, and relevance 

of information are appropriate to 

the review of building materials data 

from any source.

The Material Life Cycle
To most fully account for the environ-

mental effects of a building material, 

its effects on the environment must be 

considered throughout its life cycle. 

This begins with raw materials extrac-

tion, continues with production and 

use, and finishes at end of life when 

a material is disposed of or put to an 

entirely new use. Such a life-cycle anal-
ysis (LCA) or cradle-to-grave analysis is 

considered the most comprehensive 

method for describing and quantify-

ing environmental impacts associated 

with building materials. Through 

each life-cycle stage, environmental 

impacts are tallied: How much fos-

sil fuel, electricity, water, and other 

materials are consumed? How much 

solid waste, global warming gasses, 

and other air and water pollutants 

are generated? The total of all these 

impacts describes the environmental 

footprint of the material. As noted 

earlier in this section, this type of 

comprehensive life-cycle analysis is 

an essential part of a Type III Envi-

ronmental Impact Label (Figure 1.1).

The concept of embodied energy 

also derives from life-cycle analysis. 

Embodied energy is the sum total of 

energy consumed during the mate-

rial’s life cycle. Because energy con-

sumption tends to correlate with 

the consumption of nonrenewable 

resources and the generation of 

greenhouse gasses, it is easy to assume 

that materials with lower embodied 

energy are better for the environment 

than others with greater embodied 

energy. However, in making such 

comparisons, it is important to be sure 

that functionally equivalent quanti-

ties of materials are considered. For 

example, a material with an embod-

ied energy of 10,000 BTU per pound 

is not necessarily environmentally 

preferable to another with an embod-

ied energy of 15,000 BTU per pound, 

if 2 pounds of the first material are 

required to accomplish the same 

purpose as 1 pound of the second. 

The types of energy consumed for 

each material, such as fossil, nuclear, 

or renewable, should be considered, 

as impacts differ from one energy 

source to another. Differences in the 

life span of materials must also be 

accounted for.

Embodied energy and other life-

cycle effects may sometimes be cal-

culated for only a part of the mate-

rial life cycle. A cradle-to-gate analysis 
begins with materials extraction 

but extends only as far as when the 

material leaves the factory, excluding 

the effects of transportation to the 

building site, installation, use, main-

tenance, and disposal or recycling. 

In other cases, data may be reported 

from cradle to the construction site. 

Though less comprehensive, such 

analyses can in many cases still pro-

vide a useful basis for comparison 

between products. For example, for 

most materials, the difference in 
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programs explicitly discourage the 

use of materials known to contain 

harmful ingredients or that gener-

ate such ingredients as byproducts of 

their manufacturing, use, or disposal.

As an example, historically, form-

aldehyde commonly has been used as 

an ingredient in binders and adhe-

sives for many kinds of manufactured 

wood products. However, this chemi-

cal is now a recognized carcinogen 

and associated with a variety of addi-

tional adverse human health impacts. 

As a consequence, the use of materials 

with added formaldehyde in buildings 

is discouraged, and where such mate-

rials must be used, strict limits are set 

on acceptable formaldehyde emission 

levels. Lead, cadmium, and asbestos 

are other examples of once-common 

ingredients that are now discouraged 

or banned from use in building mate-

rials due to their toxicity. These and 

other examples are discussed in more 

detail throughout this book.

Assessing Sustainable 
Buildings

In the United States, the most widely 

applied system for evaluating build-

ing sustainability is the U.S. Green 

Building Council’s Leadership in 

Energy and Environmental Design, 

or LEED®, rating system. LEED for 

New Construction and Major Reno-

vation groups sustainability goals 

into eight broad categories address-

ing areas such as site selection and 

development, energy efficiency, con-

servation of materials and resources, 

and others (Figure 1.2). Within each 

category are mandatory prerequisites 
and optional credits that contribute 

points toward a building’s overall sus-

tainability rating. Depending on the 

total number of points achieved, four 

levels of sustainable design are recog-

nized, including, in order of increas-

ing performance, Certified, Silver, 

Gold, and Platinum. The LEED rat-

ing system is voluntary. It is used 

when adopted by a private building 

owner or mandated by a public build-

ing agency.

Embodied carbon refers to the total 

carbon-related greenhouse gas emis-

sions associated with a building 

material.

While life-cycle analysis repre-

sents the most comprehensive mate-

rials assessment method currently 

available, it does not necessarily 

address all environmental impacts. 

LCA of wood products, for example, 

does not capture the loss of biodi-

versity, decreased water quality, or 

soil erosion caused by poor forestry 

practices. These concerns are bet-

ter addressed by sustainable forestry 

certification programs. As another 

example, although global warming 

potential is quantified in materials 

LCA, its ultimate consequences for 

ecosystems and wildlife populations 

are not described.

Unhealthy and Toxic Materials
Life-cycle analysis does not fully 

address human health impacts of 

materials used in the construction 

of buildings. For example, although 

LCA may describe a material’s con-

tribution to various forms of air pol-

lution, it will not account for the 

increase in incidence of asthma or 

shortening of life expectancy that 

may result therefrom. To address 

such concerns, green building 

embodied energy between a cradle-

to-cradle and cradle-to-construction 

site analysis is small, as most of the 

energy expenditure occurs prior to 

the material’s installation, use, and 

disposal.

The concept of embodied effects 

can also be applied to any other mea-

sured input or output from a mate-

rial life-cycle analysis. For example, 

embodied water refers to the fresh 

water consumed as a consequence of 

building with a particular material. 

Extraction

Manufacture or
Processing

Log storage
Sorting
Debarking
Sawing
Seasoning
Planing
Packaging

Transportation
Shipping to
  construction site

Installation
Sawing
Nailing
Finishing
Disposal of cutoffs
  and waste

Use and
  Maintenance
Cleaning
Refinishing
Repair

Disposal or
  Recycling
Removal
Transport
Disposal in landfill

Construction of
  logging roads
Operation of
  logging
  equipment
Felling of trees
Delimbing
Log transport to
  mill

Western Red
Cedar Decking
Life Cycle

Environmental
Impacts

Fossil fuel

Nuclear energy

Renewable

  energy

Biomass energy

Fresh water

Ancillary

  materials

Nonhazardous

  waste

  materials

Hazardous

  waste

  materials

Global warming

Acidification
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Figure 1.1
Life-cycle analysis of Western red cedar 
decking. The underlined life-cycle stages 
(Extraction, Manufacture or Processing, 
etc.) are applicable to any building 
construction material LCA. The activities 
listed under each stage here are specific 
to the example of Western red cedar 
decking. For other materials, other 
activities would be listed. The right-hand 
column lists the types of environmental 
impacts associated with this material, 
both resources consumed (such as energy 
and water) and pollutants and wastes 
emitted (such as global warming gasses 
and nonhazardous waste). Though not 
included here, the LCA also quantifies 
these impacts so that one material can be 
readily compared with another.
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LEED for New Construction and Major Renovation

Project Checklist

Y ? N

Credit 1 1

Possible Points:  16

Credit 1 16

Credit 2 1

Credit 3 2

Credit 4 5

Credit 5 5

Credit 6 1

Credit 7 1

Credit 8 Green Vehicles 1

Possible Points:  10

Y Prereq 1 Required

Credit 1 1

Credit 2 2

Credit 3 1

Credit 4 3

Credit 5 2

Credit 6 1

Possible Points:  11

Y Prereq 1 Required

Y Prereq 2 Required

Y Prereq 3 Building-Level Water Metering Required

Credit 1 2

Credit 2 6

Credit 3 2

Credit 4 Water Metering 1

Possible Points:  33

Y Prereq 1 Required

Y Prereq 2 Required

Y Prereq 3 Required

Y Prereq 4 Required

Credit 1 6

Credit 2 18

Credit 3 1

Credit 4 2

Credit 5 3

Credit 6 1

Credit 7 2

Fundamental Commissioning and Verification

Fundamental Refrigerant Management

Advanced Energy Metering

Minimum Energy Performance

Building-Level Energy Metering

Cooling Tower Water Use

Demand Response

Renewable Energy Production

Enhanced Refrigerant Management

Optimize Energy Performance

Energy and Atmosphere

Indoor Water Use Reduction

Open Space

Enhanced Commissioning

Integrative Process

Construction Activity Pollution Prevention

High Priority Site

Surrounding Density and Diverse Uses

Access to Quality Transit

Reduced Parking Footprint

Sustainable Sites

Bicycle Facilities

Rainwater Management

Light Pollution Reduction

Green Power and Carbon Offsets

Heat Island Reduction

Outdoor Water Use Reduction

Indoor Water Use Reduction

Outdoor Water Use Reduction

Water Efficiency

Site Assessment

Site Development--Protect or Restore Habitat

Project Name

Date

Location and Transportation

Sensitive Land Protection

LEED for Neighborhood Development Location
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The Green Building Council 

has also developed related rating sys-

tems for other types of construction, 

including existing buildings, commer-

cial interiors, building core and shell 

construction, schools, retail build-

ing, healthcare facilities, homes, and 

neighborhood development. Through 

affiliated organizations, LEED is also 

requires a high level of cooperation 

among all of these parties. During 

this process, the achievement of 

individual credits is documented 

and submitted to the Green Build-

ing Council, which then makes the 

final certification of the project’s 

LEED compliance after construction 

is completed.

The process of achieving LEED 

certification for a building begins 

at the earliest stages of project con-

ception, continues throughout 

the design and construction of the 

project, and involves the combined 

efforts of the owner, design team, 

builder, subtrades, and materials sup-

pliers. Its successful implementation 

Possible Points:  13

Y Prereq 1 Required

Y Prereq 2 Required

Credit 1 5

Credit 2 2

Credit 3 2

Credit 4 Building Product Disclosure and Optimization - Material Ingredients 2

Credit 5 2

Indoor Environmental Quality Possible Points:  16

Y Prereq 1 Required

Y Prereq 2 Required

Credit 1 2

Credit 2 3

Credit 3 1Construction Indoor Air Quality Management Plan

Credit 4 2

Credit 5 1

Credit 6 2

Credit 7 3

Credit 8 1

Credit 9 1

Innovation Possible Points:  6

Credit 1 5

Credit 2 1

Regional Priority Possible Points: 4

Credit 1 Regional Priority: Specific Credit 1

Credit 2 Regional Priority: Specific Credit 1

Credit 3 Regional Priority: Specific Credit 1

Credit 4 Regional Priority: Specific Credit 1

Total Possible Points: 110

Building Product Disclosure and Optimization - Environmental Product Declarations

Certified 40 to 49 points     Silver 50 to 59 points     Gold 60 to 79 points     Platinum 80 to 110 

Thermal Comfort

Acoustic Performance

Interior Lighting

Daylight

LEED Accredited Professional

Construction and Demolition Waste Management 

Minimum Indoor Air Quality Performance

Environmental Tobacco Smoke Control

Construction and Demolition Waste Management Planning

Materials and Resources

Storage and Collection of Recyclables

Quality Views

Enhanced Indoor Air Quality Strategies

Low-Emitting Interiors

Indoor Air Quality Assessment

Innovation

Building Life-Cycle Impact Reduction

Building Product Disclosure and Optimization - Sourcing of Raw Materials

Figure 1.2
The LEED-NC v4 Project Checklist. (Courtesy of U.S. Green Building Council.)
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reductions in energy consumption 

and greenhouse gas emissions in the 

range of 25 to 35 percent in compari-

son to conventional building stock. 

Meaningful improvements in other 

sustainability metrics were achieved 

as well. Sustainable buildings being 

designed to meet today’s best prac-

tices are capable of even higher per-

formance levels.

Along with its tangible success, 

sustainable building also presents 

new challenges and risks to the 

design and construction industry. 

Reformulated or entirely new materi-

als may prove to be less durable than 

those they replace. Products from 

unique sources may be susceptible to 

supply shortages or price instability. 

Buildings constructed with more air-

tight enclosures may become vulner-

able to problems of indoor air qual-

ity or moisture accumulation within 

exterior walls and roofs. Green roofs 

may be more vulnerable to leakage, 

and if they do leak, more expensive 

to repair. Inexperience with green 

building technologies may lead to 

design or construction errors. Com-

pleted buildings may not meet the 

performance goals to which they were 

designed or the heightened expecta-

tions of their owners. Uncertainties 

regarding the costs of green building 

design, construction, or operation 

may create financial uncertainty for 

the parties involved. 

It is incumbent upon those 

involved with sustainable building to 

recognize and minimize these risks. 

All parties must collaborate effec-

tively, to ensure that the broad goals 

of sustainability are understood and 

effectively implemented. Designers 

and builders must adequately edu-

cate themselves so that they properly 

apply new technologies. The selec-

tion of green materials and systems 

must be done with care, and without 

losing sight of traditional concerns 

such as durability, practicality, and 

safety.  Further, the contractual agree-

ments between designers, builders, 

and owners must appropriately set 

expectations and fairly balance risks.

manufactured within certain distances 

of the building construction site.

Conservation and Reuse: Materials 

waste must be minimized throughout 

all project life phases.

The Living Building Challenge 

can also be applied to neighbor-

hoods, landscape and infrastructure 

projects, and building renovations. It 

is a testament to the progress of the 

sustainable building industry that 

buildings meeting this ambitious 

standard and achieving Living certifi-

cation are now a reality.

Other green building pro-

grams and standards offer a variety 

of pathways to sustainable build-

ing construction, suitable to various 

building types, building owner objec-

tives, and markets. The U.S. National 

Green Building Standard addresses 

residential building types, from 

single-family homes to multistory 

apartment buildings and hotels. The 

International Green Construction 

Code is a model code that puts green 

building standards into a legally 

enforceable format, useful for munic-

ipalities that wish to make sustainable 

construction mandatory. CALGreen 

is the sustainable construction code 

for the state of California. A variety of 

professional organizations and gov-

ernment agencies offer programs to 

support sustainable building, such as 

the 2030 Challenge, ASHRAE’s high-

performance building standards, and 

the U.S. EPA’s green programs. Green 

Globes certifies new and existing 

commercial buildings in the United 

States, Canada, and other countries. 

The Building Research Establishment 

Environmental Assessment Method, 

or BREEAM, is an environmental 

assessment system for buildings con-

structed in the United Kingdom and 

other European countries.

Sustainable building practice 

is producing measurable, positive 

results in building performance. 

An evaluation of sustainable facili-

ties completed by the U.S. Gen-

eral Services Administration in the 

first decade of this century showed 

implemented in Canada and other 

countries.

A second sustainability standard, 

the International Living Building 

Institute’s Living Building Challenge™, 

sets a more ambitious standard for 

sustainable building. The Living 

Building Challenge aspires to move 

society beyond making buildings that 

do less environmental harm, to con-

structing buildings that do no harm 

at all, or even provide benefit, to the 

natural environment. For example, a 

building constructed and operated to 

this standard will (when considered 

on an annualized basis) generate all 

its own energy from on-site renewable 

resources, consume no fresh water, 

and have no net carbon greenhouse 

gas emissions.

The Living Building Challenge 

consists of 20 imperatives (e.g., net 

zero energy or appropriate sourcing 

of materials), grouped into 7 broad 

categories, called Petals, such as Site, 

Water, Materials, Social Equity, and so 

on. For a new building to meet this 

standard, it must meet all 20 impera-

tives. There are two certification lev-

els: “Living,” for buildings that fully 

meet the standard; and “Petal Rec-

ognition,” for buildings that meet 

minimum partial requirements. Cer-

tification occurs after a building has 

been operational for at least one year, 

when its real-life performance can be 

assessed.

With regard to construction mate-

rials and methods, the most relevant 

imperatives in this standard are found 

in the Materials category, including:

Red List: Materials considered toxic 

or highly detrimental to the environ-

ment are entirely excluded from 

buildings.

Embodied Carbon Footprint: 

Considered on a life-cycle basis, the 

building must not be a net emitter of 

carbon greenhouse gasses.

Responsible Industry: Materials 

must meet responsible third-party sus-

tainability standards.

Appropriate Sourcing: Depending 

on material density, materials must be 
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codes that local jurisdictions may 

adopt for their own use as a simpler 

alternative to writing their own. In 

Canada, the National Building Code of 
Canada is published by the Canadian 

Commission on Building and Fire 

Codes. It is the basis for most of that 

country’s provincial and municipal 

building codes. In the United States, 

the International Building Code® (IBC) 
is the predominant model code. 

This code is published by the Inter-

national Code Council, a private, 

nonprofit organization whose mem-

bership consists of local code officials 

from throughout the country. It is 

the basis for most U.S. building codes 

enacted at the state, county, and 

municipal levels. The International 

Building Code is the first unified 

model building code in U.S. history. 

First published in the year 2000, it was 

a welcome consolidation of a num-

ber of previous competing regional 

model codes.

Building-code-related informa-

tion in this book is based on the IBC. 

The IBC begins by defining occupan-
cies for buildings as follows:

A-1 through A-5 Assembly: public 

theaters, auditoriums, lecture halls, 

nightclubs, restaurants, houses of wor-

ship, libraries, museums, sports are-

nas, and so on

B Business: banks, administrative 

offices, college and university build-

ings, post offices, banks, professional 

offices, and the like

E Educational: schools for grades 

K through 12 and some types of child 

day-care facilities

F-1 and F-2 Factory Industrial: in-

dustrial processes using moderate-

flammability or noncombustible ma-

terials, respectively

H-1 through H-5 High Hazard: oc-

cupancies in which toxic, corrosive, 

highly flammable, or explosive materi-

als are present

I-1 through I-4 Institutional: oc-

cupancies in which occupants under 

the care of others may require assis-

tance during a fire or other building 

building authorities, where they are 

checked for conformance with zon-

ing ordinances and building codes 

before a permit is issued to build. A 

general contractor is selected, who 

then plans the construction work in 

detail. Once construction begins, 

the general contractor oversees the 

construction process and hires the 

subcontractors who carry out many 

portions of the work, while the build-

ing inspector, architect, and engineer-

ing consultants observe the work at 

frequent intervals to be sure that it is 

completed according to plan. Finally, 

construction is finished, the building 

is made ready for occupancy, and that 

original idea—which may have been 

initiated years earlier—is realized.

Zoning Ordinances

The legal restrictions on buildings 

begin with local zoning ordinances, 
which govern the types of activities 

that may take place on a given piece 

of land, how much of the land may be 

covered by buildings, how far build-

ings must be set back from adjacent 

property lines, how many parking 

spaces must be provided, how large a 

total floor area may be constructed, 

and how tall the buildings may be. 

In larger cities, zoning ordinances 

may include fire zones with special 

fire-protection requirements, neigh-

borhood enterprise districts with 

economic incentives for new con-

struction or revitalization of existing 

buildings, or other special conditions.

Building Codes

In addition to their zoning ordi-

nances, local governments regulate 

building activity by means of building 
codes. Building codes protect public 

health and safety by setting minimum 

standards for construction quality, 

structural integrity, durability, livabil-

ity, accessibility, and especially fire 

safety.

Most building codes in North 

America are based on one of several 

model building codes, standardized 

Considerations of sustainability 

are included throughout this book. 

In addition, a sidebar in nearly every 

chapter describes the major issues 

of sustainability related to the mate-

rials and methods discussed in that 

chapter. For more information on 

sustainable design and construction 

resources, see the references listed at 

the end of this chapter.

The Work of the 
Design Professional

A building begins as an idea in some-

one’s mind, a desire for new and 

ample accommodations for a family, 

many families, an organization, or an 

enterprise. For any but the smallest 

buildings, the next step for the owner 

of the prospective building is to 

engage, either directly or through a 

hired construction manager, the ser-

vices of building design profession-

als. An architect helps to organize the 

owner’s ideas about the new building 

while various engineering special-

ists work out concepts and details of 

foundations, structural support, and 

mechanical, electrical, and commu-

nications services.

[T]he architect should 

have construction at least as 

much at his fingers’ ends as a 

thinker his grammar.

—Le Corbusier, “Towards a New 

Architecture,” 1927

This team of designers, working 

with the owner, then develops the 

scheme for the building in progres-

sively finer degrees of detail. Draw-
ings, primarily graphic in content, 

and specifications, mostly written, are 

produced by the architect–engineer 

team to describe how the building is 

to be made and of what. These draw-

ings and specifications, collectively 

known as the construction documents, 
are submitted to the local government 
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of a building based on their proxim-

ity to adjacent buildings. (Table 602 is 

included in the lower portion of Fig-

ure 1.4.) Requirements for floor and 

roof construction are defined in the 

last two lines of Table 601.

Looking across Table 601 in Fig-

ure 1.4, we can see that fire resistance 

rating requirements are highest for 

Type I-A construction, decrease to 

1 hour for various intermediate types, 

and fall to zero for Type V-B con-

struction. In general, the lower the 

construction type numeral, the more 

fire-resistant the construction system 

is. (Type IV construction is somewhat 

of an anomaly, referring to Heavy 
Timber construction consisting of large 

wooden members that are relatively 

slow to catch fire and burn.)

Once fire resistance rating 

requirements for the major parts of a 

building have been determined, the 

design of these parts can proceed, 

using building assemblies meeting 

these requirements. Tabulated fire 

resistance ratings for common build-

ing materials and assemblies come 

from a variety of sources, including 

the IBC itself, as well as from catalogs 

and handbooks issued by building 

material manufacturers, construc-

tion trade associations, and organiza-

tions concerned with fire protection 

of buildings. In each case, the ratings 

are derived from large-scale labora-

tory tests of building components 

carried out in accordance with an 

least fire-resistant of all construction 

types. In between are Types II, III, 

and IV, with levels of resistance to fire 

falling between these two extremes.

With occupancies and construc-

tion types defined, the IBC proceeds 

to match the two, stating which occu-

pancies may be housed in which types 

of construction, and under what limi-

tations of building height and area. 

Figure 1.3 is reproduced from the 

IBC. This table gives starting values 

for the maximum building height, 

in both feet and number of stories 

above grade, and the maximum area 

per floor for every possible combina-

tion of occupancy and construction 

type. Once the values in this table 

are adjusted according to other pro-

visions of the code, the maximum 

permitted size for a building of any 

particular use and type of construc-

tion can be determined.

Consider, for example, an office 

building. Under the IBC, this build-

ing is classified as Occupancy B, Busi-

ness. Reading across the table from 

left to right, we find immediately 

that this building may be built to 

any desired size, without limit, using 

Type I-A construction.

Type I-A construction is defined 

in the IBC as consisting of only non-

combustible materials—masonry, 

concrete, or steel, for example, but 

not wood—and meeting require-

ments for resistance to the heat of 

fire. Looking at the upper table in 

Figure 1.4, also reproduced from 

the IBC, we find under Type I-A con-

struction a listing of the required fire 
resistance ratings, measured in hours, 

for various parts of our proposed 

office building. For example, the first 

line states that the structural frame, 

including such elements as columns, 

beams, and trusses, must be rated at 3 

hours. The second line also mandates 

a 3-hour resistance for bearing walls, 
which serve to carry floors or roofs 

above. Nonbearing walls or partitions, 
which carry no load from above, are 

listed in the third line, referring to 

Table 602, which gives fire resistance 

rating requirements for exterior walls 

emergency, such as 24-hour residen-

tial care facilities, hospitals, nursing 

homes, prisons, and some day-care 

facilities

M Mercantile: stores, markets, ser-

vice stations, salesrooms, and other re-

tail and wholesale establishments

R-1 through R-4 Residential: apart-

ment buildings, dormitories, fraternity 

and sorority houses, hotels, one- and 

two-family dwellings, and assisted-

living facilities

S-1 and S-2 Storage: facilities for the 

storage of moderate- and low-hazard 

materials, respectively.

U Utility and Miscellaneous: agri-

cultural buildings, carports, green-

houses, sheds, stables, fences, tanks, 

towers, and other secondary buildings.

The IBC’s purpose in describ-

ing occupancies is to establish dif-

ferent levels of life-safety hazard in 

buildings. For example, a hospital, 

in which patients are bedridden and 

cannot escape a fire without assis-

tance from others, must be designed 

to a higher standard of safety than 

a hotel or motel occupied by able-

bodied residents. A large retail mall 

building, containing large quantities 

of combustible materials and occu-

pied by many users varying in age and 

physical capacity, must be designed to 

a higher standard than a warehouse 

storing noncombustible masonry 

materials and occupied by relatively 

few people who are all familiar with 

their surroundings. An elementary 

school requires more protection 

for its occupants than a university 

building. For a theater, with patrons 

densely packed in dark spaces, more 

attention must be paid to emergency 

egress provisions than for an ordinary 

office building.

These occupancy classifications 

are followed by a set of definitions for 

construction types. At the head of this 

list is Type I construction, made with 

highly fire-resistant, noncombustible 

materials. At the foot of it is Type V 

construction, which is built from 

combustible light wood framing—the 

Figure 1.3
Height and area limitations of buildings 

of various types of construction, as 
defined in the 2012 IBC. These base 

values are modified according to 
various code provisions to arrive at the 
final allowable height and area for any 

particular building. For the purposes of 
this book, many of these modifications 

are simplified or ignored. (Table 503 
excerpted from the 2012 International 

Building Code, Copyright 2011. Washington, 
D.C.: International Code Council. Reproduced 

with permission. All rights reserved. 
www.ICCSAFE.org)

http://www.ICCSAFE.org
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TABLE 503

ALLOWABLE BUILDING HEIGHTS AND AREAS
a,b

Building height limitations shown in feet above grade plane. Story limitations shown as stories above grade plane.

Building area limitations shown in square feet, as determined by the definition of "Area, building." per story

TYPE OF CONSTRUCTION

TYPE I TYPE II TYPE III TYPE IV TYPE V

GROUP
A B A B A B HT A B

HEIGHT (feet) UL 160 65 55 65 55 65 50 40

STORIES(S)

AREA (A)

A-l
UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

UL 

5 

UL

3 

15,500

2 

8,500

3 

14,000

2 

8,500

3 

15,000

2 

11,500

1

5,500

A-2
II 

UL

3 

15,500

2 

9,500

3 

14,000

2 

9,500

3 

15,000

2 

11,500

1

6,000

A-3

S

A

S

A

S

A

S

A

S

A

S

A

S

A

S

A

S

A

S

A

S

A

S

A

S

A

S

A

S

A

S

A

S

A

S

A

S

A

S

A

S

A

S

A

S

A

S

A

S

A

S

A

11

UL

3 

15,500

2 

9,500

3 

14,000

2 

9,500

3 

15,000

2 

11,500

1

6,000

A-4
11 

UL

3 

15,500

2 

9,500

3 

14,000

2 

9,500

3 

15,000

2 

11,500

1

6,000

A-5

B
11 

UL

5 

37,500

3 

23,000

5 

28,500

3 

19,000

5 

36,000

3 2

18,000 9,000

E
5 

UL

3 

26,500

2 

14,500

3 

23,500

2 

14,500

3 

25,500

1

18,500

1

9,500

F-l
11 

UL

4 

25,000

2 

15,500

3 

19,000

2 

12,000

4 

33,500

2 

14,000

1

8,500

F-2
11

UL

5 

37,500

3 

23,000

4 

28,500

3 

18,000

5 

50,500

3 2

21,000 13,000

H-l
1 

21,000

1

16,500

1

11,000

1 

7,000

1 

9,500

1 

7,000

1

10,500

1

7,500

NP 

NP

H-2
UL 

21,000

3 

16,500

2 

11,000

1 

7,000

2 

9,500

1 

7,000

2 

10,500

1

7,500

1

3,000

H-3
6 

60,000

4 

26,500

2 

14,000

4 

17,500

2 

13,000

4 

25,500

2 

10,000

1

1

5,000

H-4
7 

UL

5 

37,500

3 

17,500

5 

28,500

3 

17,500

5 

36,000

3 2

2

18,000 6,500

H-5
4 

UL

4 

UL

3 

37,500

3 

23,000

3 

28,500

3 

19,000

3 

36,000

3 

18,000 9,000

I-1
9 

55,000

4 

19,000

3 

10,000

4 

16,500

3 

10,000

4 

18,000

3 

10,500 4,500

I-2
4 

UL

2 

15,000

1

11,000

1

12,000

NP 

NP

1

12,000

1

9,500

NP 

NP

I-3
4 

UL

2 

15,000

1

10,000

2 

10,500

1 

7,500

2 

12,000

2 

7,500

1

5,000

I-4
5 

60,500

3 

26,500

2 

13,000

3 

23,500

2 

13,000

3 

25,500

1

18,500

1

9,000

M
11 

UL

4 

21,500

2 

12,500

4 

18,500

2 

12,500

4 

20,500

3 1

14,000 9,000

R-l
11

UL

4 

24,000

4 

16,000

4 

24,000

4 

16,000

4 

20,500

3 2

12,000 7,000

R-2
11 

UL

4 

24,000

4 

16,000

4 

24,000

4 

16,000

4 

20,500

3 2

12,000 7,000

R-3
11

UL

4 

UL

4 

UL

4 

UL

4 

UL

4 

UL

3 3 

UL UL

R-4
11 

UL

4 

24,000

4 

16,000

4 

24,000

4 

16,000

4 

20,500

3 2

12,000 7,000

S-l
11

48,000

4

26,000

2 

17,500

3 

26,000

2 

17,500

4 

25,500

3 

14,000

1

9,000

S-2
11 

79,000

5 

39,000

3 

26,000

4 

39,000

3 

26,000

5 

38,500

4 2

21,000 13,500

U
5 

35,500

4 

19,000

2 

8,500

3 

14,000

2 

8,500

4 

18,000

2 

9,000

1

5,500

For SI:   1 foot = 304.8 mm, 1 square foot = 0.0929 m2.

A = building area per story, S = stories above grade plane, UL = Unlimited, NP = Not permitted.

a. See the following sections for general exceptions to Table 503:

1. Section 504.2, Allowable building height and story increase due to automatic sprinkler system installation.

2. Section 506.2, Allowable building area increase due to street frontage.

3. Section 506.3, Allowable building area increase due to automatic sprinkler system installation.

4. Section 507, Unlimited area buildings.

b. See Chapter 4 for specific exceptions to the allowable height and areas in Chapter 5.
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TABLE 601

FIRE-RESISTANCE RATING REQUIREMENTS FOR BUILDING ELEMENTS (HOURS) 

TYPE I TYPE II TYPE III TYPE IV TYPE V
BUILDING ELEMENT

A B Ad B Ad B HT Ad B

Primary structural frameg (see Section 202) 3a 2a 1 0 1 0 HT 1 0

Bearing walls

Exteriorf,g 3

3a
2

2a
1 0 2 2 2

1/HT

1 0

Interior 1 0 1 0 1 0

Nonbearing walls and partitions 

Exterior
See Table 602

Nonbearing walls and partitions 

Interiore
0 0 0 0 0 0

See

Section

602.4.6

0 0

Floor construction and associated secondary members 

(see Section 202)
2

1½b

2 1 0 1 0 HT 1 0

Roof construction and associated secondary members 

(see Section 202) 1b,c 1b,c 1b,c 1b,c0c 0 HT 0

For SI: 1 foot = 304.8 mm.

a. Roof supports: Fire-resistance ratings of primary structural frame and bearing walls are permitted to be reduced by 1 hour where

     supporting a roof only.

b. Except in Group F-1, H, M and S-1 occupancies, fire protection of structural members shall not be required, including protection of roof

     framing and decking where every part of the roof construction is 20 feet or more above any floor immediately below. Fire-retardant-

     treated wood members shall be allowed to be used for such unprotected members.

c. In all occupancies, heavy timber shall be allowed where a 1-hour or less fire-resistance rating is required.

d. An approved automatic sprinkler system in accordance with Section 903.3.1.1 shall be allowed to be substituted for 1-hour fire-resistance-

     rated construction, provided such system is not otherwise required by other provisions of the code or used for an allowable area increase

     in accordance with Section 506.3 or an allowable height increase in accordance with Section 504.2. The 1-hour substitution for the fire

     resistance of exterior walls shall not be permitted.

e. Not less than the fire-resistance rating required by other sections of this code.

f.  Not less than the fire-resistance rating based on fire separation distance (see Table 602).

g. Not less than the fire-resistance rating as referenced in Section 704.10

TABLE 602

FIRE-RESISTANCE RATING REQUIREMENTS FOR EXTERIOR WALLS BASED ON FIRE SEPARATION DISTANCEa, e, h

FIRE SEPARATION DISTANCE =

X (feet)  
TYPE OF CONSTRUCTION OCCUPANCY GROUP Hf OCCUPANCY

GROUP F-1,M, S-1g
OCCUPANCY

GROUP A, B, E, F-2, I, R, S-2g, Ub

X < 5C All 3 2 1

5 ≤ X < 10
IA

Others

3

2

2

1

1

1

IA, IB

IIB, VB

Others

2

1

1

1

0

1

ld

0

ld
10 ≤ X < 30

X ≥ 30 All 0 0 0

For SI: 1 foot = 304.8 mm.

a. Load-bearing exterior walls shall also comply with the fire-resistance rating requirements of Table 601.

b. For special requirements for Group U occupancies, see Section 406.3.

c. See Section 706.1.1 for party walls.

d. Open parking garages complying with Section 406 shall not be required to have a fire-resistance rating.

e. The fire-resistance rating of an exterior wall is determined based upon the fire separation distance of the exterior wall and the story in

    which the wall is located.

f. For special requirements for Group H occupancies, see Section 415.5.

g. For special requirements for Group S aircraft hangars, see Section 412.4.1.

h. Where Table 705.8 permits nonbearing exterior walls with unlimited area of unprotected openings, the required fire-resistance rating for

    the exterior walls is 0 hours.

Figure 1.4
Fire resistance of building elements as required by the IBC. Types I and II construction allow the building structure to be made 
only of noncombustible materials, that is, steel, concrete, and masonry. Type V construction allows any material, including wood. 
Types III and IV allow combinations of internal wood structure surrounded by noncombustible exterior walls. (Tables 601 and 
602 excerpted from the 2012 International Building Code, Copyright 2011. Washington, D.C.: International Code Council. Reproduced with 
permission. All rights reserved. www.ICCSAFE.org)

http://www.ICCSAFE.org
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Figure 1.5
Fire resistance ratings for a steel 

floor structure (above) and column 
(below), taken from the Underwriters 
Laboratories Fire Resistance Directory. 

In the floor assembly, the terms 
“restrained” and “unrestrained” refer 

to whether or not the floor is connected 
to its supporting structure in such a 

way that it is, or is not, prevented from 
expanding longitudinally when subjected 

to the heat of a fire. (Reprinted with 
permission of Underwriters Laboratories Inc.)

accepted standard protocol to ensure 

uniformity of results. (This test, ASTM 

E119, is described more fully in Chap-

ter 22 of this book.) Figures 1.5 and 

1.6 show examples of how such rat-

ings are commonly presented.

In general, when determining 

the level of fire resistance required 

for a building, the greater the degree 

of fire resistance, the higher the cost. 

Most frequently, therefore, buildings 

are designed to the lowest level of fire 

resistance permitted by the building 

code. Our hypothetical office build-

ing could be built using Type IA con-

struction, but does it really have to be 

constructed to this high standard?

Let us suppose that the owner 

desires a three-story building with 

30,000 square feet per floor. Read-

ing across the table in Figure 1.2, we 

can see that in addition to Type I-A 

construction, the building can be of 

Type I-B construction, which permits 

a building of 11 stories and unlimited 

floor area; or of Type II-A construc-

tion, which permits a building of 

5  stories and 37,500 square feet per 

floor. But it cannot be of Type II-B 

construction, which allows a building 

of only 3 stories and 23,000 square 

feet per floor. It can also be built 

of Type IV construction but not of 

Type III or Type V.

Other factors also come into play 

in these determinations. If a build-

ing is protected throughout by a 

fully automatic sprinkler system for 

suppression of fire, the tabulated 

Design No. A814
Restrained Assembly Rating—3 Hr.

Unrestrained Assembly Rating—3 Hr.

Unrestrained Beam Rating—3 Hr.

Beam—W 12 × 27, min size.
1. Sand-Gravel Concrete—150 pcf unit weight 4000 pcf compressive strength.

2. Steel Floor and Form Units*—Non-composite 3 in. deep galv units. All 24 in. wide, 18/18

     MSG min cellular units. Welded to supports 12 in. O.C. Adjacent units button-punched or

     welded 36 in. O.C. at joints.
3. Cover Plate—No. 16 MSG galv steel.

4. Welds—12 in. O.C.

5. Fiber Sprayed*—Applied to wetted steel surfaces which are free of dirt, oil or loose scale

     by spraying with water to the final thickness shown above. The use of adhesive and sealer

     and the tamping of fiber are optional. The min and density of the finished  fiber should be

     11 pcf and the specified fiber thicknesses require a min fiber density of 11 pcf. For areas

     where the fiber density is between 8 and 11 pcf, the fiber thickness shall be increased in

     accordance with the following formula:       

Fiber density shall not be less than 8 pcf. For method of density determination refer to

General Information Section. 

*Bearing the UL Classification Marking.

(11) (Design Thickness, in.)

Actual Fiber Density, pcf.
Thickness, in. = ,

1. Steel Studs—1 ∕  in. wide with leg dimensions of 1-5/16 and 1-7/16 in. with a ¼-in. folded

     flange in legs, fabricated from 25 MSG galv steel, ¾- by 1¾- in. rectangular cutouts punched

     8 and 16 in. from the ends. Steel stud cut ½ in. less in length than assembly height.

2. Wallboard, Gypsum*—½ in. thick, three layers.

3. Screws—1 in. long, self-drilling, self-tapping steel screws, spaced vertically 24 in. O.C.

4. Screws—1 ∕  in. long, self-drilling, self-tapping steel screws, spaced vertically 24 in. O.C.,

     except on the outer layer of wallboard on the flange, which are spaced 12 in. O.C.

5. Screws—2¼ in. long, self-drilling, self-tapping steel screws, spaced vertically 12 in. O.C.

6. Tie Wire—One strand of 18 SWG soft steel wire placed at the upper one-third point, used

     to secure the second layers of wallboard only.

7. Corner Beads—No. 28 MSG galv steel, 1¼ in. legs or 27 MSG uncoated steel, 1 ∕  in. legs,

5
8

3
8

5
8

4

2

1

Design No. ×511

Rating—3 Hr.

5

6

8

3

7

1 2 3

4

5

12˝

¾˝ Section A-A

2½˝

2½˝

2½˝
1½˝

3¼˝

A

A



16 / Chapter 1  Making Buildings

tional Code Council also publishes 

the International Residential Code (IRC), 
a simplified model code addressing 

the construction of detached one- and 

two-family homes and townhouses of 

limited size. Within any particular 

building agency, these codes may be 

adopted directly in their model form. 

Or, as is more common, they may be 

adopted with amendments, adjusting 

the code to better suit the needs of 

that jurisdiction while still retaining 

its overall structure and intent.

The building code is not the only 

code with which a new building must 

comply. Energy codes establish stan-

dards of energy efficiency for build-

ings, affecting a designer’s choices of 

windows, heating and cooling systems, 

and many aspects of the construction 

of a building’s enclosing walls and 

roofs. Because of the significant envi-

ronmental impacts associated with 

if a building is divided by fire walls 

having the fire resistance ratings spec-

ified in another table (Figure  1.7), 

each divided portion may be consid-

ered a separate building for purposes 

of computing its allowable area, 

which effectively permits the creation 

of a building many times larger than 

Figure 1.2 would, at first glance, indi-

cate. (For the sake of simplicity, addi-

tional considerations in determining 

allowable building height and area 

in the IBC have been omitted from 

these examples.)

The IBC also establishes stan-

dards for natural light; ventilation; 

means of egress (exiting); structural 

design; construction of floors, walls, 

and ceilings; chimney construction; 

fire protection systems; accessibility 

for disabled persons; and many other 

important aspects of building design. 

In addition to the IBC, the Interna-

area per floor may be tripled for a 

multistory building or quadrupled 

for a single-story building. The ratio-

nale for this permitted increase is the 

added safety to life and property pro-

vided by such a system. A one-story 

increase in allowable height is also 

granted under most circumstances if 

such a sprinkler system is installed. If 

the 3-story, 30,000-square-foot office 

building that we have been consider-

ing is provided with such a sprinkler 

system, a bit of arithmetic will show 

that it can be built of any construc-

tion type shown in Figure 1.2 except 

Type V.

If more than a quarter of the 

building’s perimeter walls face pub-

lic ways or open spaces accessible to 

firefighting equipment, an additional 

increase of up to 75 percent in allow-

able area is granted in accordance 

with another formula. Furthermore, 

SKETCH AND DESIGN DATAFire

Rating

Sound

Rating

STC

GA

File

No. DETAILED DESCRIPTION Fire Sound

1

HR

30
to
34

WP 3620

5-26-64

Construction Type: Gypsum-Veneer Base, Veneer Plaster,

Wood Studs

One layer ½˝ type X gypsum veneer base applied at right

angles to each side of 2 × 4 wood studs 16˝ o.c. with 5d etched

nails, 1¾˝ long, 0.099˝ shank, ¼˝ heads, 8˝ o.c. Minimum  ∕  ˝

gypsum-veneer plaster over each face. Stagger vertical joints

16˝ and horizontal joints each side 12˝. Sound tested without

veneer plaster. (LB)

16
1

Thickness: 4 ∕ ˝

Approx. Weight: 7 psf

Fire Test: UC, 1-12-66

Sound Test: G & H IBI-35FT.

7
8

Figure 1.6
A sample of fire resistance ratings published by the Gypsum Association, in this case for an interior partition consisting of wood 
studs and fire-resistant gypsum wallboard. (Courtesy of the Gypsum Association.)

TABLE 706.4

FIRE WALL FIRE-RESISTANCE RATINGS

FIRE-RESISTANCE RATING (hours)GROUP

3aA, B, E, H-4, I, R-1, R-2, U

F-1, H-3b, H-5, M, S-1 3

4bH-1, H-2

2F-2, S-2, R-3, R-4

a. In Type II or V construction, walls shall be permitted to have a 2-hour

    fire-resistance rating.

b. For Group H-1, H-2 or H-3 buildings, also see Sections 415.6 and 415.7.

Figure 1.7
Fire resistance requirements for fire 

walls, according to the IBC. (Table 706.4 
excerpted from the 2012 International 

Building Code, Copyright 2011. Washington, 
D.C.: International Code Council. 

Reproduced with permission. All rights 
reserved. www.ICCSAFE.org)

http://www.ICCSAFE.org
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of materials or the requirements of 

their installation. Throughout this 

book, references to ASTM standards 

are provided for the major building 

materials presented. Should you wish 

to examine the contents of the stan-

dards themselves, they can be found 

in the ASTM references listed at the 

end of this chapter. In Canada, cor-

responding standards are set by the 

Canadian Standards Association (CSA). 
The International Organization for 
Standardization (ISO), an organization 

with more than 160 member coun-

tries, performs a similar role interna-

tionally.

The American National Standards 
Institute (ANSI) is another private 

organization that develops and cer-

tifies North American standards 

for a broad range of products, such 

as exterior windows, mechanical 

components of buildings, and even 

the accessibility requirements ref-

erenced within the IBC itself. Gov-

ernment agencies, most notably the 

U.S. Department of Commerce’s 

National Institute of Science and Technol-
ogy (NIST) and the National Research 

Council Canada’s Institute for Research 
in Construction (NRC-IRC), also spon-

sor research and establish standards 

for building products and systems.

Construction Trade and Professional 
Associations
Design professionals, building mate-

rials manufacturers, and construc-

tion trade groups have formed a large 

number of organizations that work 

to develop technical standards and 

disseminate information related to 

their respective fields of interest. The 

Construction Specifications Institute, 

whose MasterFormat™ standard is 

described in the following section, 

is one example. This organization 

is composed both of independent 

building professionals, such as archi-

tects and engineers, and of indus-

try members. The Western Wood 

Products Association, to choose an 

example from among hundreds of 

trade associations, is made up of pro-

ducers of lumber and wood products. 

Conservation laws protect wet-

lands and other environmentally sen-

sitive areas from encroachment by 

buildings. Fire insurance companies 

exert a major influence on construc-

tion standards. Through their test-

ing and certification organizations 

(Underwriters Laboratories and Fac-

tory Mutual, for example) and the 

rates they charge for building insur-

ance coverage, these companies offer 

financial incentives to building own-

ers to build hazard-resistant construc-

tion. Federal labor agencies, building 

contractor associations, and construc-

tion labor unions have standards, 

both formal and informal, that affect 

the ways in which buildings are built. 

Contractors have particular types of 

equipment, certain kinds of skills, and 

customary ways of going about things. 

All of these affect a building design in 

myriad ways and must be appropriately 

considered by building designers.

Construction Standards and 
Information Resources

The tasks of the architect and the 

engineer would be much more diffi-

cult to carry out without the support 

of dozens of standards-setting agen-

cies, trade associations, professional 

organizations, and other groups 

that produce and disseminate infor-

mation on materials and methods 

of construction, some of the most 

important of which are discussed in 

the following sections.

Standards-Setting Agencies
ASTM International (formerly the 

American Society for Testing and 

Materials) is a private organization 

that establishes specifications for 

materials and methods of construc-

tion accepted as standards through-

out the United States. Numerical 

references to ASTM standards—for 

example, ASTM C150 for portland 

cement, used in making concrete—

are found throughout building codes 

and construction specifications, 

where they are used as a precise 

shorthand for describing the quality 

building energy consumption, the 

development of higher-performance 

energy codes that require buildings 

to consume less energy is one of 

the most important contributors to 

improving building sustainability.

Health codes regulate aspects 

of design and operation related to 

sanitation in public facilities such as 

swimming pools, food-service opera-

tions, schools, or healthcare facilities. 

Fire codes regulate the operation and 

maintenance of buildings to ensure 

that egress pathways, fire protection 

systems, emergency power, and other 

life-safety systems are properly main-

tained. Electrical and mechanical 

codes regulate the design and instal-

lation of building electrical, plumb-

ing, and heating and cooling systems. 

Some of these codes may be locally 

written, but, like the building codes 

discussed earlier, most are based on 

national models. In fact, an important 

task in the early design of any major 

building is determining what agencies 

have jurisdiction over the project and 

what codes and regulations apply.

Other Constraints

Other types of legal restrictions must 

also be observed in the design and 

construction of buildings. Along with 

the accessibility provisions of the IBC, 

the Americans with Disabilities Act (ADA) 
makes accessibility to public buildings 

a civil right of all Americans, and the 

Fair Housing Act does the same for 

much multifamily housing. Together, 

these access standards regulate the 

design of entrances, stairs, door-

ways, elevators, toilet facilities, public 

areas, living spaces, and other parts 

of many buildings to ensure that they 

are usable by physically handicapped 

members of the population. The U.S. 

Occupational Safety and Health Adminis-
tration (OSHA) controls the design of 

workplaces to minimize hazards to the 

health and safety of workers. OSHA 

sets safety standards under which a 

building must be constructed and also 

has an important role in the design of 

industrial and commercial buildings.
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Division 32— Exterior 

Improvements

Division 33—Utilities

These broadly defined divisions 

are further subdivided into sections, 
each describing a discrete scope of 

work usually provided by a single 

construction trade or subcontrac-

tor. Individual sections are identi-

fied by six-digit codes, in which the 

first two digits correspond to the 

division number and the remaining 

four digits identify subcategories 

and individual units within the divi-

sion. Within Division 05—Metals, 

for example, some commonly refer-

enced sections are:

Section 05 12 00— Structural Steel 

Framing

Section 05 21 00— Steel Joist 

Framing

Section 05 31 00— Steel Decking

Section 05 40 00— Cold-Formed 

Metal Framing

Section 05 50 00— Metal 

Fabrications

Every chapter in this book gives 

MasterFormat designations for the 

information it presents to help the 

reader know where to look in con-

struction specifications and other 

technical resources for further 

information. 

MasterFormat organizes building 

systems information primarily accord-

ing to work product, that is, the work 

of discrete building trades. This makes 

it especially well suited for use during 

the construction phase of building. 

For example, Section 06 10 00—

Rough Carpentry specifies the mate-

rials and work of rough carpenters 

who erect a wood light frame build-

ing structure. However, finish car-

pentry, such as the installation of 

interior doors and trim, occurs later 

during construction, requires differ-

ent materials, and is performed by 

different workers with different skills 

and tools. So it is specified separately 

in Section 06 20 00—Finish Carpentry. 

Defining each of these aspects of the 

MasterFormat relevant to the types of 

construction discussed in this book 

are as follows:

Procurement and Contracting 

Requirements Group

Division 00— Procurement 

and Contracting 

Requirements

Specifications Group

General Requirements Subgroup

Division 01— General 

Requirements

Facility Construction Subgroup

Division 02— Existing 

Conditions

Division 03—Concrete

Division 04—Masonry

Division 05—Metals

Division 06— Wood, Plastics, 

and Composites

Division 07— Thermal and 

Moisture 

Protection

Division 08—Openings

Division 09—Finishes

Division 10—Specialties

Division 11—Equipment

Division 12—Furnishings

Division 13— Special 

Construction

Division 14— Conveying 

Equipment

Facilities Services Subgroup

Division 21—Fire Suppression

Division 22—Plumbing

Division 23— Heating, 

Ventilating, and 

Air Conditioning 

(HVAC)

Division 25— Integrated 

Automation

Division 26—Electrical

Division 27—Communications

Division 28— Electronic Safety 

and Security

Site and Infrastructure Subgroup

Division 31—Earthwork

It carries out research programs on 

wood products, establishes uniform 

standards of product quality, certifies 

mills and products that conform to 

its standards, and publishes authori-

tative technical literature concern-

ing the use of lumber and related 

products. Associations with a similar 

range of activities exist for virtually 

every material and product used in 

building. All of them publish tech-

nical data relating to their fields of 

interest, and many of these publica-

tions are indispensable references for 

the architect or engineer. In some 

cases, the standards published by 

these organizations are even incorpo-

rated by reference into the building 

codes, making them, in effect, legal 

requirements. Selected publications 

from professional and trade associa-

tions are identified in the references 

listed at the end of each chapter in 

this book. The reader is encouraged 

to obtain and explore these publica-

tions and others available from these 

various organizations.

MasterFormat and Other Systems of 
Organizing Building Information
The Construction Specifications Insti-
tute (CSI) of the United States, and 

its Canadian counterpart, Construc-
tion Specifications Canada (CSC), have 

evolved over a period of many years 

a comprehensive outline called Mas-
terFormat for organizing information 

about construction materials and 

systems. MasterFormat is used as the 

outline for construction specifica-

tions for the vast majority of large 

construction projects in these two 

countries. It is frequently used to 

organize construction cost data, and 

it forms the basis on which most 

trade associations’ and manufactur-

ers’ technical literature is cataloged. 

In some cases, MasterFormat is used 

to cross-reference materials informa-

tion on construction drawings as well.

MasterFormat is organized into 

50 primary divisions intended to 

cover the broadest possible range 

of construction materials and 

buildings systems. The portions of 
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For more information on Master-

Format, UniFormat, and OmniClass, 

see the references at the end of this 

chapter.

The Work of the 
Construction 
Professional
Providing Construction 
Services

An owner wishing to construct a 

building hopes to achieve a finished 

project that functions as required, 

meets expectations for design and 

quality, costs as little as possible, and 

will be completed on a predictable 

schedule. A contractor offering its 

construction services hopes to pro-

duce quality building, earn a profit, 

and complete the project in a timely 

fashion. Yet, the process of building 

itself is fraught with uncertainty: It 

is subject to the vagaries of the labor 

market, commodity prices, and the 

weather; despite the best planning 

efforts, unanticipated conditions 

arise, delays occur, and mistakes are 

made; not infrequently, require-

ments change over the course of the 

project; and the pressures of sched-

ule and cost inevitably minimize the 

margin for miscalculation. In this 

high-stakes environment, the rela-

tionship between the owner and con-

tractor must be structured to share 

reasonably between them the poten-

tial rewards and risks.

Construction Project Delivery 
Methods
In conventional design/bid/build proj-

ect delivery (Figure 1.8), the owner 

first hires a team of architects and 

engineers to perform design services, 

leading to the creation of construc-

tion documents that comprehensively 

describe the facility to be built. Next, 

construction firms are invited to bid 

on the project. Each bidding firm 

reviews the construction documents 

and proposes a cost to construct 

the facility. The owner evaluates the 

computer-aided design and building 

information modeling systems, which 

naturally tend to aggregate infor-

mation into functional groupings. 

(Building information modeling is 

also discussed at greater length later 

in this chapter.) 

The OmniClass™ Construction 
Classification System is an overarching 

scheme that attempts to incorporate 

multiple existing building informa-

tion organizational systems, includ-

ing MasterFormat, UniFormat, and 

others, into one system. OmniClass 

consists of 15 Tables, some of which 

include:

Table 13: Spaces by Function

Table 21: Elements 

Table 22: Work Results

Table 23: Products

Table 31: Phases 

Table 32: Services

Table 35: Tools

Table 41: Materials

Table 49: Properties

For example, Table 13—Spaces 

by Function merges a number of 

existing systems for the manage-

ment of information about rooms 

and spaces within buildings, useful 

to building owners and facilities man-

agers. Table  21—Elements is based 

on UniFormat, and Table 22—Work 

Results is based on MasterFormat. 

OmniClass is an open standard that 

is described broadly by its authors 

as “a strategy for classifying the built 

environment.” It is based on an 

international standard for organiz-

ing construction information, called 

“ISO 120006-2,” and it continues to 

undergo active development. 

The increasing attention given 

to organizational systems like Uni-

Format and OmniClass reflects the 

building industry’s need to manage 

increasingly complex sets of data and 

efficiently share that data between dis-

ciplines, across diverse information 

technology platforms, and through-

out the full building life cycle, from 

conception to extended occupancy. 

work separately allows the contractor 

to most efficiently and accurately man-

age the work’s costing and execution. 

In contrast to MasterFormat, 

the UniFormat™ standard organizes 

building systems information into 

functional groupings. For example, 

Uniformat defines eight Level 1 cat-
egories:

A Substructure

B Shell

C Interiors

D Services

E Equipment and Furnishings

F Special Construction and Demoli-

tion

G Building Sitework

Z General

Where greater definition is 

required, these categories are sub-

divided into so-called Level 2 classes, 
Level  3 and 4 subclasses, and even 

Level  5 or higher-numbered sub-

subclasses, each describing more 

finely divided aspects of a system or 

assembly. For example, wood floor 

joist framing can fall under any of the 

following UniFormat descriptions:

Level 1: B Shell

Level 2: B10 Superstructure

Level 3: B1010 Floor Construction

Level 4: B1010.10 Floor Structural 

Frame

Level 5: B1010.10.WF Wood Floor 

Framing

Etc.

UniFormat provides a more 

systems-based view of construction 

in comparison to MasterFormat and 

is most useful where a broader, more 

flexible description of building infor-

mation is needed. This includes, for 

example, description of building sys-

tems and assemblies during project 

definition and early design, or the 

performance specification of build-

ing systems, such as discussed later in 

this chapter for design/build project 

delivery. UniFormat is also well suited 

to organizing construction data in 
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Design/build project delivery 

gives the owner a single source of 

accountability for all aspects of the 

project. It also places the designers 

and constructors in a collaborative 

relationship, introducing construc-

tion expertise into the design phases 

of a project and allowing the earliest 

possible consideration of construc-

tability, cost control, construction 

scheduling, and similar matters. This 

delivery method also readily accom-

modates fast track construction, a 

scheduling technique for reducing 

construction time that is described 

later in this chapter.

Other delivery methods are 

possible: An owner may contract 

separately with a design team and a 

construction manager. As in design/

build construction, the construction 

manager participates in the project 

prior to the onset of construction, 

introducing construction expertise 

during the design stage. Construc-

tion management project delivery 

can take a variety of forms and is 

frequently associated with especially 

large or complex projects (Fig-

ure  1.9). In turnkey construction, an 

owner contracts with a single entity 

that provides not only design and 

construction services, but financing 

for the project as well. Or design 

and construction can be undertaken 

by a single-purpose entity, of which the 

owner, architect, and contractor are 

all joint members. Aspects of these 

and other project delivery meth-

ods can also be intermixed, allow-

ing many possible organizational 

schemes for the delivery of design 

In design/bid/build project 

delivery, the owner contracts with 

two entities, and design and construc-

tion responsibilities remain divided 

between these two throughout the 

project. In design/build project deliv-

ery, one entity ultimately assumes 

responsibility for both design and 

construction (Figure 1.8). A design/

build project begins with the owner 

developing a conceptual design or 

program that describes the functional 

or performance requirements of the 

proposed facility but does not detail 

its form or how it is to be constructed. 

Next, using this conceptual informa-

tion, a design/build organization is 

selected to complete the remainder 

of the design and construction of the 

project. Selection of the designer/

builder may be based on a competitive 

bid process similar to that for design/

bid/build projects, on negotiation and 

evaluation of an organization’s qualifi-

cations for the proposed work, or on 

some combination of these. Design/

build organizations themselves can 

take a variety of forms: a single firm 

encompassing both design and con-

struction expertise; a construction 

management firm that subcontracts 

with a separate design firm to pro-

vide those services; or a joint venture 

between two firms, one specializing in 

construction and the other in design. 

Regardless of the internal structure 

of the design/build organization, the 

owner contracts with this single entity 

throughout the remainder of the proj-

ect, and this entity assumes respon-

sibility for all remaining design and 

construction services.

submitted proposals and awards the 

construction contract to the bidder 

deemed most suitable. This selection 

may be based on bid price alone, or 

other factors related to bidders’ qual-

ifications may also be considered. 

The construction documents then 

become part of the construction con-

tract, and the selected firm proceeds 

with the work. On all but small proj-

ects, this firm acts as the general con-
tractor, coordinating and overseeing 

the overall construction process but 

frequently relying on smaller, more 

specialized subcontractors to perform 

significant portions or even all of the 

construction work. During construc-

tion, the design team continues to 

provide services to the owner, help-

ing to ensure that the facility is built 

according to the requirements of the 

documents as well as answering ques-

tions related to the design, changes 

to the work, verification of payments 

to the contractor, and similar matters.

Among the advantages of 

design/bid/build project delivery 

are its easy-to-understand organiza-

tional scheme, well-established legal 

precedents, and relative simplicity 

of management. The direct rela-

tionship between the owner and the 

design team ensures that the owner 

retains control over the design and 

provides a healthy set of checks and 

balances during the construction 

process. With design work completed 

before the project is bid, the owner 

starts construction with a well-defined 

scope of work, a fixed price bid, and a 

high degree of confidence regarding 

the project schedule and final costs.

Design/Bid/Build Construction Design/Build Construction

Owner

A/E A/EGC GC

Owner

Subconsultants
Design Team

Subcontractors
Construction Team Design/Build Entity

SubcontractorsSubconsultants

Figure 1.8
In design/bid/build project delivery, 
the owner contracts separately with 
the architect/engineer (A/E) design 
team and the construction general 
contractor (GC). In a design/build 
project, the owner contracts with a single 
organizational entity that provides both 
design and construction services.
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savings to be returned to the contrac-

tor. In this way, the contractor and 

owner jointly share in the benefits of 

reduced construction cost. Bonuses 

and penalties for savings or overruns 

in costs and schedules can be part of 

any type of construction contract.

Surety bonds are another form 

of legal instrument used to manage 

financial risks of construction, most 

frequently with publicly financed or 

very large projects. The purpose of 

a surety bond is to protect an owner 

from the risks of default, such as bank-

ruptcy, by the construction contractor. 

For a fixed fee, a third party (surety) 

promises to complete the contractual 

obligations of the contractor if that 

contractor should for any reason fail 

to do so. Mostly commonly, two sepa-

rate bonds are issued, one for each 

of the general contractor’s princi-

pal obligations: a performance bond to 

assure completion of the construction 

and a payment bond to assure full pay-

ment to suppliers and subcontractors.

With competitive bidding and 

fixed-fee compensation, the owner 

is assured of competitive pricing for 

construction services and the con-

tractor assumes most of the risk for 

unanticipated costs. With a negotiated 

contract and simple cost plus a fee 

compensation, the risks of noncom-

petitive pricing and unanticipated 

costs are shifted mostly to the owner. 

By adjusting projecting delivery and 

compensation methods, these and 

projects for which the scope of con-

struction work is not fully known at 

the time compensation is established, 

a circumstance most frequently asso-

ciated with construction manage-

ment or design/build contracts.

Cost plus a fee compensation 

may also include a guaranteed maxi-
mum price (GMAX or GMP). In this 

case, there is a maximum fee that the 

owner is required to pay. While the 

contractor’s compensation remains 

under the guaranteed amount, com-

pensation is made in the same man-

ner as with a standard cost plus a fee 

contract. However, once the com-

pensation reaches the guaranteed 

maximum, the owner is no longer 

required to make additional pay-

ments and the contractor assumes 

responsibility for all additional costs. 

This compensation method retains 

some of the scope and price flexibil-

ity of cost plus a fee compensation 

while also establishing a limit on the 

owner’s cost risks.

Incentive provisions in owner/

contractor agreements can be used 

to more closely align owner and con-

tractor interests. For example, in 

simple cost plus a fee construction, 

there may be an incentive for a con-

tractor to add costs to a project, as 

these added costs will generate added 

fees. To eliminate such a counter-

productive incentive, a bonus fee or 

profit-sharing provision can provide 

for some portion of construction cost 

and construction services that are 

suitable to a variety of owner require-

ments and project circumstances.

Paying for Construction Services
With fixed-fee or lump-sum compensa-
tion, the general contractor or other 

construction entity is paid a fixed 

dollar amount to complete the con-

struction of a project regardless of 

that entity’s actual costs to perform 

the work. With this compensation 

method, the owner begins construc-

tion with a known, fixed cost and 

assumes minimal risk for unantici-

pated cost increases. In contrast, 

the construction contractor assumes 

most of the risk of unforeseen costs, 

but also stands to gain from poten-

tial savings. Fixed-fee compensation 

is most suitable to projects where the 

scope of the construction work is well 

defined when the construction fee is 

set, as is the case, for example, with 

design/bid/build construction.

With cost plus a fee compensation, 

the owner agrees to pay the con-

struction entity for the actual costs 

of construction—whatever they may 

turn out to be—plus an additional 

amount to account for overhead and 

profit. In this case, the construction 

contractor is shielded from most cost 

uncertainty, and it is the owner who 

assumes most of the risk of added 

costs and stands to gain the most 

from potential savings. Cost plus a fee 

compensation is most often used with 

Construction Management at Fee Construction Management at Risk

Owner

A/E A/ECM CM

Owner

Subconsultants
Design Team

Subconsultants
Design Team

Construction Manager Construction
Manager

Construction Contractors Construction Contractors

Figure 1.9
In its traditional role, a construction 
manager (CM) at fee provides project 
management services to the owner and 
assists the owner in contracting directly 
for construction services with one or 
more construction entities. A CM at 
fee is not directly responsible for the 
construction work itself. A CM at risk 
acts more like a general contractor 
and takes on greater responsibility for 
construction quality, schedule, and costs. 
In either case, the A/E design team also 
contracts separately with the owner.
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only after the floor plates are in place 

and structurally secure. As the build-

ing skin is installed and floor areas 

become enclosed and protected from 

the weather, further operations, such 

as the roughing in of mechanical and 

electrical systems, and eventually, 

the installation of finishes and other 

elements, can proceed in turn. This 

simple example illustrates consid-

erations that apply to virtually every 

aspect of building construction and 

at every scale from a building’s largest 

systems to its smallest details: Success-

ful construction requires a detailed 

understanding of the tasks required 

and their interdependencies in time 

and space.

The construction project sched-

ule is used to analyze and represent 

construction tasks, their relation-

ships, and the sequence in which 

they must be performed. Develop-

ment of the schedule is a fundamen-

tal part of construction project plan-

ning, and regular updating of the 

schedule throughout the life of the 

project is essential to its successful 

coordination of overlapping design 

and construction activities.

Construction Scheduling

Constructing a building of any sig-

nificant size is a complex endeavor, 

requiring the combined efforts of 

countless participants and the coordi-

nation of myriad tasks. Managing this 

process requires an in-depth under-

standing of the work required, of the 

ways in which different aspects of the 

work depend upon each other, and 

of the constraints on the sequence in 

which the work must be performed.

Figure 1.11 captures one moment 

in the erection of a tall building. The 

process is led by the construction of 

the building’s central, stabilizing core 

structures (in the photograph, the 

pair of concrete towerlike structures 

extending above the highest floor 

levels). This work is followed by con-

struction of the surrounding floors, 

which rely, in part, on the previously 

completed cores for support. Attach-

ment of the exterior skin can follow 

other construction-related risks can be 

allocated in varying degrees between 

the two parties to best suit the require-

ments of any particular project.

Sequential versus Fast Track 
Construction
In sequential construction (Figure 1.10), 

each major phase in the design and 

construction of a building is com-

pleted before the next phase begins, 

and construction does not start until 

all design work has been completed. 

Sequential construction can take 

place under any of the project deliv-

ery methods described previously. It 

is frequently associated with design/

bid/build construction, where the 

separation of design and construc-

tion phases fits naturally with the con-

tractual separation between design 

and construction service providers.

Phased construction, also called 

fast track construction, aims to reduce 

the time required to complete a 

project by overlapping the design 

and construction of various proj-

ect parts (Figure 1.10). By allowing 

construction to start sooner and by 

overlapping the work of design and 

construction, phased construction 

can reduce the total time required to 

complete a project. However, phased 

construction also introduces its own 

risks. Because construction on some 

parts of the project begins before all 

design is complete, an overall cost 

for the project cannot be established 

until a significant portion of construc-

tion is underway. Phased construc-

tion also introduces more complexity 

into the design process and increases 

the potential for design errors (for 

example, if foundation design does 

not adequately anticipate the require-

ments of the not yet fully engineered 

structure above). Phased construction 

can be applied to any construction 

delivery method discussed earlier. It 

is frequently associated with design/

build and construction management 

project delivery methods, where the 

early participation of the construc-

tion entity provides resources that 

are helpful in managing the complex 
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Figure 1.10
In sequential construction, construction does not begin until design is complete. 
In phased construction, design and construction activities overlap, with the goal of 
reducing the overall time required to complete a project.
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management. In a Gantt chart or bar 
chart, a series of horizontal bars rep-

resents the duration of various tasks 

or groups of tasks that make up the 

project. Gantt charts provide an easy-

to-understand representation of con-

struction tasks and their relationships 

in time. They can be used to pro-

vide an overall picture of a project 

schedule, with only a project’s major 

phases represented (Figure 1.10), or 

they can be expanded to represent 

a larger number of more narrowly 

defined tasks at greater levels of proj-

ect detail (Figure 1.12).

Figure 1.11
In this photo, the construction sequence 
of a tall building is readily apparent: A 
pair of concrete core structures leads 
the construction, followed by concrete 
columns and floor plates and, finally, the 
enclosing curtain wall. (Photo by Joseph 
Iano.)

(a) Preconstruction and
procurement activities

(b) Phases of construction

Figure 1.12
In a Gantt chart, varying levels of detail 
can be represented. In this example, 
roughly the top three-quarters of the 
chart is devoted to a breakdown of 
preconstruction and procurement 
activities such as bidding portions of 
the work to subtrades, preparing cost 
estimates, and making submittals to the 
architect (a). Construction activities, 
represented more broadly, appear in the 
bottom portion (b).
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may include responsibility for filing 

construction permits, securing the 

project site, providing temporary 

power and water, setting up office 

trailers and other support facilities, 

providing insurance coverage for the 

work in progress, managing person-

nel on site, maintaining a safe work 

environment, stockpiling materials, 

performing testing and quality con-

trol, providing site surveying and 

engineering, arranging for cranes 

and other construction machinery, 

providing temporary structures and 

weather protection, disposing or recy-

cling of construction waste, soliciting 

the work of subtrades and coordinat-

ing their efforts, submitting product 

samples and technical information to 

the design team for review, maintain-

ing accurate records of the construc-

tion as it proceeds, monitoring costs 

and schedules, managing changes to 

the work, protecting completed work, 

and more.

Trends in the 
Delivery of Design 
and Construction 
Services
Increasing Collaboration 
Among Team Members

The design and construction industry 

continues to evolve, testing innovative 

organizational structures and project 

delivery methods in which design-

ers, builders, and owners assume less 

adversarial and less compartmental-

ized roles. Such approaches share 

characteristics such as:

Contractual relationships and work-

ing arrangements that foster collabo-

ration between project members

Participation of the construction 

contractor during the design phases 

of a project

Overlapping of design and con-

struction activities to reduce the “time 

to market”

Expanded definitions of project 

services to more fully recognize the 

the identification of dependencies 

among the parts (Figure 1.13). This 

information is combined with con-

siderations of cost and resources 

available to perform the work, and 

then analyzed, usually with the assis-

tance of computer software, to iden-

tify optimal scenarios for scheduling 

and worker and resource allocation. 

Once the critical path of a project has 

been established, the elements on 

this path are likely to receive a high 

degree of scrutiny during the life of 

the project, as delays in any of these 

steps will have a direct impact on the 

overall project schedule.

Managing Construction

Once a construction project is under-

way, the general contractor assumes 

responsibility for day-to-day oversight 

of the construction site, management 

of trades and suppliers, and commu-

nications between the construction 

team and other major parties, such 

as the owner and the designer. On 

projects of any significant size, this 

The critical path of a project is the 

sequence of activities that determines 

the least amount of time in which a 

project can be completed. For exam-

ple, the construction of a building’s 

primary structural system is com-

monly on the critical path of a proj-

ect schedule. If any of the activities on 

which the completion of this system 

depends—such as design, shop draw-

ing production and review, compo-

nent fabrication, materials delivery, 

or erection on site—are delayed, 

then the final completion date of the 

project will be extended. In contrast, 

other systems not on the critical path 

have more flexibility in their schedul-

ing, called float, and delays (within 

limits) in their execution will not 

necessarily affect the overall project 

schedule.

The critical path method is a tech-

nique for analyzing collections of 

activities and optimizing the proj-

ect schedule to minimize the dura-

tion and cost of a project. This 

requires a detailed breakdown of 

the work involved in a project and 
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Figure 1.13
The critical path method depends on a detailed analysis of work tasks and their 
relationships to generate an optimal construction schedule. Shown here is a 
schematic network diagram representing task dependencies. For example, task 6 
cannot begin until tasks 1, 4, and 5 are completed, and tasks 7 and 9 cannot begin 
until task 6 is finished. The dashed lines on the diagram trace two of many possible 
paths from the start to the end of the diagram. To determine the critical path for 
this collection of tasks, all such paths must be identified and the time required to 
complete each one calculated. The path requiring the most time to complete is the 
critical path, that is, the sequence of activities that determines the least time in which 
the collection of tasks as a whole can be completed.
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the design and building construction 

sector.

BIM has the potential to affect all 

phases of the building life cycle. It can 

aid the design team in the effective 

communication of design concepts 

or the description of complex geom-

etries. It can improve coordination 

between design disciplines, for exam-

ple, performing clash detection to find 

collisions between mechanical system 

ductwork, structural framing, and 

other systems designed by separate 

teams. It can facilitate the modeling 

of building energy use and the per-

formance of other building systems. 

For the builder, BIM can be used to 

improve coordination of trades, drive 

the automated fabrication or pre-

assembly of building components, 

and integrate cost and schedule data 

more closely with building design and 

construction activities. For the build-

ing owner, information accumulated 

in the model during design and con-

struction can be carried forward for 

use with postconstruction building 

operations and facilities planning.

Implementation of BIM also 

profoundly impacts design and con-

struction work processes and the 

communication and sharing of infor-

mation between disciplines. A key 

component to successful implemen-

tation is the BIM execution plan. This 

plan defines the role of the building 

model and its level of development at 

various project stages, identifies the 

sources of data that will contribute to 

the model, assigns responsibilities for 

authoring and managing the model, 

establishes protocols for informa-

tion exchange among parties, and 

defines the technical and project 

infrastructure required to support 

these activities. As BIM becomes 

increasingly integrated into design 

and construction activities and the 

integrated building model is shared 

across traditional discipline boundar-

ies, the boundaries of responsibility 

between the designers, constructors, 

and owners will also evolve, with new, 

more integrated relationships likely 

to evolve (Figure 1.14).

processes. Such so-called lean con-
struction methods attempt to:

Reduce complexity

Eliminate wasteful activities

Structure the supply of materi-

als and methods of production to 

achieve the quickest and most reliable 

workflow

Decentralize information and deci-

sion making, to put control of process-

es into the hands of those most famil-

iar with the work and most capable of 

improving it

A typical home may be made of 

more than 100,000 separate pieces, 

assembled by as many as 1000 work-

ers. Estimates of labor inefficiency 

in building construction in general 

run as high as 35 to 40 percent, and 

of materials wastage, 20 percent or 

more. The challenge of lean con-

struction is to restructure all aspects 

of construction—its design, materials 

manufacturing, product transport, 

component assembly, and workforce 

integration—to reduce these ineffi-

ciencies and deliver a finished prod-

uct of the highest possible quality.

Improving Information 
Management

Developments in information tech-

nology also are influencing the way 

buildings are designed and con-

structed. Most notable is building 
information modeling (BIM), the com-

puterized, three-dimensional model-

ing of building systems. Unlike the 

two-dimensional representation of 

building systems characteristic of 

conventional computer-aided design 
(CAD), BIM involves an intelligent 

model. Components are not only 

represented geometrically and spa-

tially but are linked to data describing 

their intrinsic properties and their 

relationships to other components 

as well. Originally developed for use 

in highly capital-intensive industries 

such as aerospace and automobile 

manufacturing, this technology has 

now established a firm presence in 

full life cycle of a project—from its 

original conception, through plan-

ning, design and construction, to 

postconstruction occupancy—to best 

serve the needs of the building owner

The growth of design/build in 

the construction marketplace is one 

example of this trend: Between 1980 

and 2010, the share of private, non-

residential construction work per-

formed as design/build construction 

increased from roughly 5 percent of 

the total market to 40 percent.

The current state of the art in 

collaborative project delivery is inte-
grated project delivery (IPD). In IPD, 

the key parties—including at least 

the design team, construction team, 

and owner agency—share mutually 

the responsibilities, decision mak-

ing, and financial risks and rewards 

of the project. In its purest form, all 

major parties to the project share one 

agreement, binding them all to the 

same goals and outcomes. In other 

cases, a shared joining agreement may 

be used to mutually bind parties con-

tracted under separate agreements. 

The goal of IPD is to increase project 

efficiency, improve project outcomes, 

and reduce conflict and litigation. 

In every case, IPD project delivery 

depends on a high level of collab-

orative and open communication, 

respect, and trust between the parties 

involved.

Improving Efficiency in 
Production

Other efforts within the construction 

industry focus on improvements in 

the efficiency of construction meth-

ods themselves. Unlike factory pro-

duction, most building construction 

takes place outdoors, is performed 

within constrained and often physi-

cally challenging work areas, and 

is executed by a highly fragmented 

workforce. Despite the differences in 

these production environments, the 

construction industry is looking to 

lessons learned in factory production 

for approaches to improving its own 
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(a) Uses for
the model

(b) Data exchange
among disciplines

Figure 1.14
A sample high-level diagram of the 
BIM execution process through design 
and construction phases. Note how the 
model is used for numerous purposes 
at each phase by a variety of disciplines, 
while data must be exchanged regularly 
between disciplines in order to support 
the continued development of the 
model. (Excerpted from: The Computer 
Integrated Construction Research Group. 
Building Information Modeling 

Execution Planning Guide (Version 2.1).

The Pennsylvania State University, State 
College, PA, 2011. This work is licensed 
under the Creative Commons Attribution-
Share Alike 3.0 United States License. To 
view a copy of this license, visit http://
creativecommons.org/licenses/by-sa/3.0/
us/ or send a letter to Creative Commons, 
171 Second Street, Suite 300, San Francisco, 
California, 94105, USA.)

CSI/CSC MasterFormat Sections for Procurement of 
Construction and General Requirements

00 10 00 SOLICITATION

00 11 00 Advertisements and Invitations

00 20 00 INSTRUCTIONS FOR PROCUREMENT

00 21 13 Instructions to Bidders

00 40 00 PROCUREMENT FORMS AND SUPPLEMENTS

00 41 00 Bid Forms

00 50 00 CONTRACTING FORMS

00 52 00 Agreement Forms

00 60 00 PROJECT FORMS

00 61 13 Performance and Payment Bond Form

00 70 00 CONDITIONS OF THE CONTRACT

01 10 00 SUMMARY

01 11 00 Summary of the Work

01 30 00 ADMINISTRATIVE REQUIREMENTS

01 31 13 Project Management and Coordination

01 32 13 Scheduling of Work

01 40 00 QUALITY REQUIREMENTS

01 41 00 Regulatory Requirements

01 45 00 Quality Control

01 50 00 TEMPORARY FACILITIES AND CONTROLS

01 70 00 EXECUTION AND CLOSEOUT REQUIREMENTS

01 80 00 PERFORMANCE REQUIREMENTS

01 81 13 Sustainable Design Requirements

http://creativecommons.org/licenses/by-sa/3.0/us/
http://creativecommons.org/licenses/by-sa/3.0/us/
http://creativecommons.org/licenses/by-sa/3.0/us/
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addresses general project require-

ments that apply broadly to all aspects 

of the work.

chapter. In this list, Division 0 includes 

sections relevant to the procurement 

of construction services. Division 1 

The end of each chapter includes 

a list of MasterFormat sections rel-

evant to the topics discussed in that 

KEY TERMS

sustainability

green building

environmental labels

Type I Ecolabel

Type II Self-Declared Environmental Claim

Type III Environmental Impact Label

global warming potential

life cycle analysis (LCA), cradle-to-grave 

analysis

embodied energy

cradle-to-gate analysis

embodied water

embodied carbon

LEED

LEED prerequisite

LEED credit

Living Building Challenge

Living Building Challenge imperative

drawings

specifications

construction documents

zoning ordinance

building code

model building code

National Building Code of Canada

International Building Code (IBC)

occupancy

construction type

fire resistance rating

bearing wall

nonbearing wall, partition

Heavy Timber construction

International Residential Code (IRC)

Americans with Disabilities Act (ADA)

Fair Housing Act

access standard

Occupational Health and Safety 

Administration (OSHA)

ASTM International

Canadian Standards Association (CSA)

International Organization for 

Standardization (ISO)

American National Standards Institute 

(ANSI)

National Institute of Science and 

Technology (NIST)

Institute for Research in Construction 

(NRC-IRC)

trade association

Construction Specifications Institute (CSI)

Construction Specifications Canada (CSC)

MasterFormat

specification division

specification section

UniFormat

(UniFormat) Level 1 category

(UniFormat) Level 2 class

(UniFormat) Level 3 and 4 subclasses

OmniClass Construction Classification 

System

(OmniClass) Tables

design/bid/build

general contractor

subcontractor

design/build

construction manager

turnkey

single-purpose entity

fixed-fee compensation, lump-sum 

compensation

cost plus a fee compensation

guaranteed maximum price (GMAX, 

GMP)

incentive provisions

surety bond

performance bond

payment bond

sequential construction

phased construction, fast track 

construction

Gantt chart, bar chart

critical path

float

critical path method

integrated project delivery (IPD)

joining agreement

lean construction

building information modeling (BIM)

computer-aided design (CAD)

system collision

REVIEW QUESTIONS

1. What is sustainable building? Why is it 

important?

2. What are the three types of ISO 14020 

environmental labels? Describe each.

3. What is a life-cycle analysis? What are the 

major life-cycle stages in such an analysis?

4. What is the embodied energy of a ma-

terial?

5. Who are the three principal team mem-

bers involved in the creation of a new 

building? What are their respective roles?

6. What are construction documents? 

What two items are they comprised of?

7. What types of subjects are covered by 

zoning ordinances? By building codes?

8. What is a building code occupancy? 

What is a construction type? How are they 

related in a building code?

9. In what units is fire resistance mea-

sured? How is the fire resistance of a 

building assembly determined?

10. What is the MasterFormat? What is it 

used for?

11. Compare and contrast design/bid/

build and design/build construction.

12. What is the difference between 

lump-sum and cost plus a fee compensa-

tion?

13. What are the two common types of 

surety bonds? What are they used for?

14. What is fast track construction, and 

what types of contracts and fee compensa-

tion is it mostly commonly associated with?

15. What is the critical path? Why is it im-

portant to construction scheduling?

16. You are designing a three-story office 

building (Occupancy B) with 20,000 square 

feet per floor. What types of construction 

will you be permitted to use under the IBC 

if you do not install sprinklers? How does 

the situation change if you install sprin-

klers? In the second, sprinklered case, what 

is the least fire resistant construction type 

permitted. With this construction type, 

what level of fire resistance is required for 

the structural frame of the building?
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EXERCISES

1. Choose any one building material. 

Obtain available product and environ-

mental data for that material. Determine 

what LEED credits this material can con-

tribute to.

2. Have each class member choose two 

or three trade associations at the begin-

ning of the term. Obtain lists of publica-

tions from each and then obtain several 

of these publications. Display and discuss 

the publications.

3. Obtain copies of your local zoning or-

dinances and building code (they may 

be in a local library). Look up the ap-

plicable provisions of these documents 

for a specific site and building. What set-

backs are required? How large a build-

ing is permitted? What construction 

types may be employed? What are the 

minimum fire-resistance ratings for 

the structural and nonstructural parts of 

the building?

4. Arrange permission to shadow an archi-

tect or CM during visits to a construction 

site or during project meetings related to 

a construction project. Take notes. Inter-

view the architect or CM about their role 

and the challenges they have encoun-

tered. Report back to the class what you 

have learned.

SELECTED REFERENCES

Allen, Edward. How Buildings Work (3rd 

ed.). New York, Oxford University Press, 
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piece of the world, and modify it for hu-
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Allen, Edward, and Joseph Iano. The 
Architect’s Studio Companion (5th ed.). 

Hoboken, NJ, John Wiley & Sons, Inc., 

2012.
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ing to the IBC or the Canadian Build-
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Includes the full list of MasterFormat 

numbers and titles under which con-
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organized.

International Code Council, Inc. Interna-
tional Building Code®. Falls Church, VA, 

updated regularly.

The model building code used as the ba-

sis for the majority of U.S. state, county, 

and municipal building codes.

U.S. Green Building Council. LEED Ref-
erence Guide for Green Building Design and 
Construction. Washington, DC, updated 

regularly.

Provides essential information for the 

design and construction of buildings meet-

ing the requirements of the U.S. Green 

Building Council’s LEED for New Con-

struction and Major Renovations, Schools 

New Construction and Renovations, and 

Core & Shell Development rating systems.

Making Buildings

Author’s supplementary web site: www.ianosbackfill.com/01_making_buildings

Whole Building Design Guide: www.wbdg.org

Buildings and the Environment

Architecture 2030: architecture2030.org

Athena Sustainable Materials Institute: www.athenasmi.org

BEES (Building for Environmental and Economic Sustainability): www.nist.gov/el/economics/BEESSoftware.cfm
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Declare: www.declareproducts.com

The Green Building Information Gateway: www.gbig.org

International Living Building Institute: www.living-future.org

Living Building Challenge: www.livingbuildingchallenge.org

Pharos: www.pharosproject.net

U.S. Environmental Protection Agency, Green Building: www.epa.gov/greenbuilding/

U.S. Green Building Council: www.usgbc.org

Worldwatch Institute: www.worldwatch.org

The Work of the Design Professional

American Institute of Architects: www.aia.org

American National Standards Institute (ANSI): www.ansi.org

ASTM International: www.astm.org

Canadian Standards Association (CSA): www.csa.ca

Construction Specifications Canada (CSC): www.csc-dcc.ca

Construction Specifications Institute (CSI): www.csinet.org

International Code Council: www.iccsafe.org

National Institute of Building Sciences (NIBS): www.nibs.org

NRC Institute for Research in Construction: www.nrc-cnrc.gc.ca/eng/ibp/irc.html

OmniClass: www.omniclass.org

Uniformat: www.csinet.org/uniformat

The Work of the Construction Professional

Associated General Contractors of America (AGC): www.agc.org

Building Owners and Managers Association (BOMA): www.boma.org

Construction Management Association of America (CMAA): cmaanet.org

Design-Build Institute of America (DBIA): www.dbia.org

Engineers Joint Contract Documents Committee: www.ejcdc.org

Lean Construction Institute: www.leanconstruction.org
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http://www.ejcdc.org
http://www.leanconstruction.org
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Foundation work in progress for a midrise hotel and apartment building. The earth 
surrounding the excavation is retained with steel sheet piling supported by steel walers 
and tiebacks. Equipment enters and leaves the site via the earth ramp at the bottom 
of the picture. Although a large backhoe at the right continues to dig around old piles 
from a previous building on the site, the installation of pressure-injected concrete 
pile footings is also well underway, with several piledrivers at work in the near and 
far corners and clusters of completed piles visible in the center of the picture. 
Concrete pile caps and column reinforcing are under construction in the center of the 
excavation. (Courtesy of Franki Foundation Company.)
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Soils for Building Foundations
Subsurface Exploration and Soils 
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structural frame, floors, roofs, and 

walls, major permanent electrical 

and mechanical equipment, and the 

foundation itself

Live loads, nonpermanent loads 

caused by the weights of the building’s 

occupants, furnishings, and movable 

equipment

Rain and snow loads, which act pri-

marily downward on building roofs

Wind loads, which can act laterally 

(sideways), downward, or upward on 

a building

Seismic loads, highly dynamic 

horizontal and vertical forces caused 

by the motion of the ground relative to 

the building during an earthquake

Loads caused by soil and hydrostatic 

pressure, including lateral soil pressure 
loads consisting of horizontal pressures 

of earth and groundwater against base-

ment walls; in some instances, buoyant 
uplift forces from underground water, 

identical to the forces that cause a 

boat to float; in other instances, lateral 

force flood loads that can occur in areas 

prone to flooding

In some buildings, horizontal thrusts
from long-span structural components 

such as arches, rigid frames, domes, 

vaults, or tensile structures

Foundations must limit settlement.
All foundations settle to some extent 

as the surrounding earth compresses 

and adjusts to the loads imposed by 

the building above. Over the life of 

the building, settlement must not 

exceed amounts that would cause 

structural distress, damage nonstruc-

tural components, or interfere with 

building functions.

Foundations on bedrock settle a 

negligible amount. Foundations in 

other types of soil may settle more, but 

are normally designed to limit settling 

to amounts measured in millimeters 

or fractions of an inch. In rare cases, 

buildings may settle by significantly 

greater amounts. Mexico City’s Palace 

of Fine Arts, for example, has sunk 

more than 15 feet (4.5 m) into the 

clay soil on which it is founded since 

it was constructed in the early 1930s.

The function of a foundation is to transfer structural loads 
reliably from a building into the ground. Every building must 
have a foundation of some kind: A backyard toolshed will not be 
damaged by slight shifting of its foundation, and thus may need 
only wooden skids to spread its load across an area of the ground 
surface sufficient to support its weight. A wood-framed house 
needs greater stability than a toolshed, so its foundation reaches 
through the unstable surface to underlying soil that is free of 
organic matter and unreachable by winter frost. A larger building 
of masonry, steel, or concrete weighs many times more than a 
house, and its foundations must penetrate the earth until they 
reach soil or rock that is capable of carrying its massive loads; 
on some sites, this means going 100 feet (30 m) or more below 
the surface. Foundation design is a specialized field that must 
account for the interaction of building loads with the various soil, 
rock, and water conditions encountered below the surface of the 
ground. The choice of foundation type can have a significant 
impact on building costs, construction schedule, and choice of 
structural systems for the remainder of the building.

Foundation 
Requirements

The most important role of the foun-

dation is to prevent building col-

lapse. The foundation must receive 

the various loads acting on the build-

Figure 2.1
Some of the loads that act on buildings. Under any combination of possible load scenarios, 
the foundation must transmit the forces acting upon the building into the ground, and the 
ground must react with equal and opposite forces so that the building remains stable.

DEAD LOAD RAIN, SNOW,  AND
LIVE LOADS

WIND LOAD

ing and transfer these loads into the 

underlying earth in a manner such 

that the building remains upright 

and stable (Figure 2.1). These loads 

may include:

Dead load, the combined weight 

of all the permanent components 

of the building, including its own 
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We must never trust too 

hastily to any ground. . . . I 

have seen a tower at Mestre, 

a place belonging to the 

Venetians, which, in a few 

years after it was built, made 

its way through the ground 

it stood upon . . . and buried 

itself in earth up to the very 

battlements.

—Leon Battista Alberti, Ten Books 
on Architecture, 1452

Where settling occurs at roughly 

the same rate throughout all parts of 

a building, it is termed uniform settle-
ment. When different parts of a build-

ing settle at differing rates, it is called 

differential settlement. Differential set-

tlement is most likely to occur where 

soil types, building loads, or structural 

systems vary among different parts of 

a single building. This can lead to dis-

tortion of the building frame, sloped 

floors, cracked walls and glass, or 

inoperable doors and windows (Fig-

ure 2.2). Most foundation failures 

are attributable to excess differential 

settlement. Gross failure of a founda-

tion, in which the soil fails completely 

to support the building, is rare.

Where foundations enclose base-

ments or other usable space, they 

must keep those spaces dry and at 

a comfortable temperature. Where 

foundations are constructed close to 

other existing buildings, they must not 

impose new loads or alter groundwater 

conditions in ways that could adversely 

affect those nearby buildings. Further-

more, foundations must be feasible to 

construct, both technically and eco-

nomically. These and other aspects 

of foundation design are discussed at 

more length in this chapter.

Earth Materials

Classifying Earth Materials

For the purposes of foundation design, 

earth materials are classified according 

to particle size, the presence of organic 

content, and, in the case of finer-grained 

soils, sensitivity to moisture content.

Consolidated rock or bedrock is a 

dense, continuous mass of mineral 

materials that can be removed only 

by drilling, fracturing, or blasting. 

Rock is rarely completely monolithic 

and may vary in composition or struc-

ture, or be crossed by systems of joints 

(cracks). Despite such variations, 

bedrock is generally the strongest 

and most stable material on which a 

building can be founded.

Soil is a general term referring 

to any earth material that is par-

ticulate. Particulate soils are further 

defined according to ASTM D2487, 

Unified Soil Classification System 

(Figure 2.3), as follows:

Boulders are greater than 12 inches 

(300 mm) in diameter.

Cobbles are smaller than boulders 

but greater than 3 inches (75 mm) in 

diameter.

Gravel is from 3 inches to 0.187 inch-

es (75 mm to 4.75 mm) in diameter.

Sand is from 0.187 inches to 0.003 

inches (4.75 mm to 0.07 mm) in diameter.

Gravel and sand are also collectively 

referred to as coarse-grained soils.

Silt particles are smaller than 0.0029 

inches (0.075 mm). Like sand and 

gravel, silt particles are roughly spheri-

cal in shape.

Clay particles are also defined 

as smaller than 0.0029 inches 

(0.075 mm), though typically they 

are an order of magnitude (10 times) 

or more smaller. Also, unlike larger-

grained particles, they are flat or plate-

shaped rather than spherical.

Both silts and clays are also referred 

to as fine-grained soils.

In the field, major soil types can 

be roughly distinguished with simple 

hand tests. It takes two hands to lift 

a boulder, and one to lift a cobble. 

If you can easily lift just one particle 

between two fingers, it is gravel. If indi-

vidual soil particles are large enough 

to be seen, but too small to be picked 

up singly, they are sand. If particles are 

too small to see with the unaided eye, 

they are silt or clay. When wet, clay soils 

are putty-like; when dry they are hard. 

Silts are not sticky when wet and have 

little or no cohesiveness when dry.

Peat, topsoil, and other organic 
soils are not suitable for the support 

of building foundations. Their high 

organic matter content makes them 

spongy and sensitive to changes in 

water content or biological activity 

within the soil.

Properties of Soils

Particle Size
Coarse-grained soils—sands and 

gravels—consist of relatively large min-

eral particles with little or no attractive 

or repulsive forces acting between 

Figure 2.2
Uniform settlement (b) is usually easily controlled and of little consequence in a 
building, but differential settlement (c) can cause severe structural damage.

(a) Building before settlement
      occurs

(c) Differential settlement(b) Uniform settlement
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them. The ability of these soils to sup-

port building loads without shifting 

depends primarily on friction between 

the particles to keep the particles from 

sliding past one another. This resis-

tance to internal sliding, called shear 
strength, varies with the degree of inter-

locking between particles and the con-

fining force of the surrounding soil. 

Where coarse-grained soils are densely 

packed with little space between par-

ticles and securely confined by sur-

rounding soils, it is relatively difficult 

for particles to move past one another. 

Soils such as these exhibit relatively 

high strength and can support greater 

loads. Where coarse-grained soils are 

loosely packed or poorly confined, 

particles can more easily slide past one 

another, and less load can be safely 

supported. Soils that rely primarily 

on internal friction for strength are 

termed frictional or cohesionless.
Smaller-grained soils may be sub-

ject to a wider array of interparticle 

forces. As particle size decreases, sur-

face area increases in relation to weight 

and size, and the spaces between the 

particles, called soil pores, get smaller. 

In essence, the particles become 

lighter and more easily pushed and 

pulled by electrostatic forces, chemi-

cal interactions, and forces related to 

the presence of water in the soil.

For example, whereas gravels are 

generally little affected by moisture in 

the soil, the properties of sand can vary 

noticeably with moisture content. As 

any beachgoer knows, wet sand makes 

a stronger sand castle than dry sand, as 

capillary forces acting between parti-

cles help to hold the particles in place. 

And wet sand responds more firmly 

to the pressure of our feet as we walk 

on the beach than does dry sand, as 

the hydrostatic pressure of the water 

helps to distribute the load exerted 

on the soil. A dramatic example of the 

effects of moisture on smaller-grained 

soils is a phenomenon called soil liq-
uefaction. Water-saturated sands or silts 

may lose virtually all of their strength 

and behave as a liquid when subjected 

to sudden, large changes in load, such 

as may occur during an earthquake.

Figure 2.3
The Unified Soil Classification System, from ASTM D2487. The Group Symbols are a 
universal set of abbreviations for soil types, as seen, for example, in Figure 2.6.
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Clay particles are extremely small 

in size and flatter in shape, mak-

ing the ratio of their surface area to 

volume hundreds or thousands of 

times greater than even silts. They 

also differ in mineral composition 

from larger-grained soils and tend to 

arrange themselves into more com-

plex internal structures, called fabric, 
as particles aggregate into sheetlike 

or other geometric arrangements.

As a result, clay soils tend to stick 

together, and are characterized as cohe-
sive rather than frictional. For example, 

it may be possible to dig a vertical-walled 

excavation in clay soil without temporary 

soil support (Figure 2.4). There is suffi-

cient shear strength in the unconfined 

soil to prevent the excavation walls from 

collapsing. In contrast, a cohesionless 

soil such as sand must be excavated at a 

shallower angle to avoid the collapse of 

unsupported walls. Cohesive soils tend 

to be hard when dry and moldable, or 

plastic, when moist. They also have what 

is called a higher liquid limit than more 

coarsely grained soils. That is, they can 

sustain a higher moisture content 

before arriving at a flowable consistency. 

Silts may also exhibit cohesive proper-

ties, but to a lesser extent than clays.

Clay soils may also be expansive, 
that is, prone to expand or contract 

EXCAVATION IN FRICTIONAL SOIL

EXCAVATION IN HIGHLY COHESIVE
SOIL

Figure 2.4
Excavations in frictional and highly 
cohesive soils.

with changes in moisture content. 

Clays with very small particle size and 

high liquid limits are most suscep-

tible to this behavior. Highly expan-

sive soils can increase in volume by 

10 percent or more with increased 

moisture content, and with sufficient 

force to cause damage to the building 

structure if not properly accounted 

for in the foundation design.

The unique properties of clay 

soils tend to cause water to pass 

through them very slowly, or in some 

cases not at all. In fact, some clay soils 

are fabricated into sheets and used 

as waterproofing for basements and 

other underground structures.

Gradation
Within any soil sample, the range of 

particle sizes present, or gradation, may 

vary. A well graded soil includes a broad, 

well-distributed range of particle sizes. 

A poorly graded soil consists of particles 

more limited in range of sizes. Well 

graded soils contain less empty space 

between particles than poorly graded 

soils, as smaller particles fill in gaps 

between larger ones. Broadly speaking, 

well graded soils tend compact more 

effectively than poorly graded ones, but 

also tend to drain water less efficiently.

When deliberately prepared for 

use in earthwork, soil materials may be 

purposefully graded in specific ways: A 

uniformly graded material is composed 

of particles within a limited, narrow 

size range (Figure 2.5). This produces 

the maximum possible volume of 

empty space within the material. A gap 
graded soil contains a broader range 

Figure 2.5
Two gravel samples, illustrating differences in gradation. The left-hand sample, with a broad range of particle sizes, comes from a 
well graded sandy gravel. On the right is a uniformly graded gravel sample in which there is little variation in size among particles. 
(Photos by Joseph Iano.)
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TABLE 1804.2

ALLOWABLE FOUNDATION AND LATERAL PRESSURE

CLASS OF MATERIALS

ALLOWABLE FOUNDATION

PRESSURE (psf)d
LATERAL BEARING

(psf/f below natural grade)d

LATERAL SLIDING

Coefficient

of frictiona
Resistance

(psf)b

1. Crystalline bedrock —0.701,20012,000

2. Sedimentary and foliated rock —0.354004,000

3. Sandy gravel and/or gravel (GW and GP) —0.352003,000

4. Sand, silty sand, clayey sand, silty gravel and

    clayey gravel (SW, SP, SM, SC, GM and GC) —0.251502,000

5. Clay, sandy clay, silty clay, clayey silt, silt and

     sandy silt (CL, ML, MH and CH) 1,500c 130—100

For SI: 1 pound per square foot = 0.0479kPa, 1 pound per square foot per foot = 0.157kPa/m.

a. Coefficient to be multiplied by the dead load.

b. Lateral sliding resistance value to be multiplied by the contact area, as limited by Section 1804.3.

c. Where the building official determines that in-place soils with an allowable bearing capacity of less than 1,500 psf are likely to be present

    at the site,the allowable bearing capacity shall be determined by a soils investigation.
d. An increase of one-third is permitted when using the alternate load combinations in Section 1605.3.2 that include wind or earthquake loads.

Figure 2.6
Allowable bearing values for various soil types, from the IBC. The soil class abbreviations in rows 3, 4, and 5 make reference to the 
group symbols in Figure 2.3. (Excerpted from the 2012 International Building Code, Copyright 2011. Washington, D.C.: International Code 
Council. Reproduced with permission. All rights reserved. www.ICCSAFE.com)

of particle sizes, but with certain sizes 

omitted. For example, aggregates for 

pervious concrete, as described in 

Chapter 13, may be gap graded. This 

ensures a sufficient particle size distri-

bution to produce a strong concrete 

that also includes sufficient void space 

that stormwater can effectively drain 

through the finished pavement.

The term sorting can also be used 

to describe particle size distribu-

tion within a soil, but with the oppo-

site sense of grading. That is, a well 

graded soil is poorly sorted and poorly 

graded soil is well sorted.

Soils for Building Foundations

Generally, soil groups listed toward the 

top of Figure 2.3 are better suited for 

supporting building foundations than 

those listed further down. Those closer 

to the top of the list exhibit greater 

loadbearing capacity and stability, 

and are less sensitive to moisture con-

tent. Consolidated rock is usually the 

strongest material on which to found 

a building. Usually, however, such rock 

is too deep to be reached economi-

cally, and the foundation is designed 

to bear on some other particulate stra-

tum closer to the ground surface. An 

often-cited example of the suitability 

of continuous rock for large building 

foundations is the clustering of tall 

buildings in New York City toward the 

central portion of Manhattan Island. 

This is the portion of the island where 

the bedrock is closest to the surface 

and the massive foundations needed 

for these buildings can be constructed 

most easily and inexpensively.

Figure 2.6 gives values for allow-
able foundation pressures (or allowable 
soil pressures) for common classes of 

soil materials. These figures may be 

used for the design of small build-

ing foundations where analysis of 

soil samples from the site is deemed 

unnecessary. The allowable pres-

sures are significantly less than the 

maximum loadbearing capacities of 

the soils, accounting for uncertain-

ties in soil composition and prop-

erties, design factors of safety, and 

acceptable settlement limits. For 

larger buildings or on sites with more 

questionable soil conditions, soil 

properties are determined through 

site investigation and laboratory tests.

Rock and coarse-grained soils 

are also generally the most stable 

materials for supporting foundations, 

behaving more consistently under 

varying moisture content than fine-

grained soils. Clay soils, in particular, 

can present unique challenges. When 

clay with high moisture content is put 

under continuous pressure, water 

can be slowly pressed out of it, with 

a corresponding gradual reduction 

in soil volume, a behavior called con-
solidation. Where such a soil stratum 

underlies a foundation, the possibility 

of long-term settlement must be con-

sidered. Or, as noted earlier, where 

highly expansive clays are present, 

provisions may be required to allow 

the clay to expand without causing 

damage to the building substructure.

In regions of significant earth-

quake risk, soil stability during seismic 

events must be considered. For exam-

ple, soil liquefaction can cause exces-

sive pressures on foundation walls, 

or in extreme cases, complete loss of 

support for a building foundation.

http://www.ICCSAFE.com
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In addition to foundation sup-

port, imported soil materials (those 

brought from offsite) may be used 

for backfilling excavations, construc-

tion of base layers under pavements 

and concrete slabs at grade, finish 

grading for landscaping, or replace-

ment of unsuitable native soils (those 

already present at the building site). 

In each case, materials with appropri-

ate strength and stability, drainage 

capacity, compaction characteristics, 

and organic content are selected.

For example, for general purpose 
fill, good compaction and stability are 

important. Here, a well graded, coarse-

grained soil is likely a good choice. 

However, directly around the founda-

tion, a more porous drainage fill may 

be required, and a more uniformly 

graded material is usually preferable. 

In this way, water passing through 

the soil toward the building is read-

ily intercepted by this layer, where it 

drains downward and can be drawn off 

in perforated pipes (see Figure 2.56).

Subsurface Exploration and 
Soils Testing

For all but the smallest buildings, foun-

dation design is preceded by investiga-

tion of soil conditions at the site. Test 
pits can be dug when the foundation 

will not extend deeper than roughly 

16 feet (3 m), the maximum practical 

reach of small excavating machines. 

Soil strata can be observed in the pit 

and samples taken for evaluation.

The water table is the elevation at 

which the soil is normally fully satu-

rated. If this level lies within the depth 

of a test pit dug in coarse-grained 

soils, it will be readily apparent, as 

the pit will quickly fill with water up 

to that level. Test pits excavated in 

less permeable fine-grained soils may 

not easily reveal the water table level, 

as groundwater may seep only slowly 

through the soil. In such cases, the 

water table level can be determined 

with a separately drilled observation 

well or special devices that measure 

water pressure within the soil.

Where open test pits are not 

practical or information at greater 

depths is required, test borings are 

performed with portable drilling rigs 

(Figure 2.7). As boring progresses, 

soil conditions are evaluated at regu-

lar intervals and especially as differing 

soil strata are encountered. Soil den-

sity and potential bearing capacity are 

evaluated by counting hammer blows 

on an open-ended hollow tube called 

a penetration sampler as it is advanced a 

standard distance into the bore hole. 

Samples extracted from the boring 

are examined in the field and fre-

quently also taken for laboratory test-

ing. Test borings can return informa-

tion on each soil stratum, such as soil 

type, depth, and thicknesses, as well as 

groundwater conditions (Figure 2.8). 

Usually, a number of borings are 

taken around a site. The information 

from each boring is mapped and the 

results interpolated to create a fuller 

picture of subsurface conditions for 

use by the foundation engineer.

Load tests also may be performed 

on the construction site to further 

evaluate the bearing capacity and sta-

bility of the soil. Where bearing soils 

are exposed by test pits, a temporary 

framework supporting large concrete 

blocks may be constructed to apply a 

static (constant) load to the exposed 

soils and observe their response over 

a period of days or weeks. Where 

deeper foundations—for example, 

friction piles, as discussed later in this 

chapter—are used, static or dynamic 

(controlled impact) loading of these 

elements may be used to verify that 

the intended bearing strata have 

been reached and that the strata and 

foundation elements are behaving as 

predicted.

In the laboratory, soil samples 

are dried and then particle gradation 

is determined using a collection of 

sieves with wire mesh screens of vary-

ing spacing. As a soil sample is passed 

through consecutively finer sieves, 

particles of differing size ranges are 

separated and the relative propor-

tions of each quantified. For very fine 

Figure 2.7
A truck-mounted drilling rig performing test borings at a site planned for future 
construction. Equipment of this type is capable of boring into the ground 1000 ft (300 m) 
or more. The drilling auger can be seen just off the back of the truck bed. Hydraulic jacks, 
just slightly forward and to either side of the auger, level and stabilize the drilling platform. 
A pair of drill operators is preparing to connect a new length of drilling pipe while, to the 
left, a technician oversees the drilling and collects soil samples. (Photo by Joseph Iano.)
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EXPLORATORY BORING LOG EB-6

SURFACE ELEVATION: 118 FT

DESCRIPTION C
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Hard 0CL

CL

5SC

10

Stiff CL

15

Brown, Poorly Graded Sand, moist, fine to coarse sand. SPDense

20
Bottom of boring at 20.5 ft.

Dark brown, Sandy Lean Clay, moist, moderate plasticity, fine

to medium sand, reddish-brown mottling, the upper portion

appears to be fill or reworked native soil.

Gray, Sandy Lean Clay, moist, moderate plasticity, fine to coarse

sand, tan and light orange mottling. LL=38, PL=20

Very Stiff

Gray to brown, Clayey Sand, moist, fine to coarse sand, fine

rounded to angular gravel, light orange mottling, moderately

plastic fines.

40% passing No. 200 Sieve.

Ground water measured at 6 ft after drilling.

Ground water encountered during driling at 8.5 ft.

Medium

Dense

to

Dense

Gray, Sandy Lean Clay, moist, moderate plasticity, fine sand.

Figure 2.8
An example log from a test boring indicating the type of soil in each stratum and 
the depth at which it was encountered. Depths at which groundwater were found 
are also recorded. The Classification abbreviations correspond to the Unified Soil 
Classification System as explained in Figure 2.3.

Figure 2.9
Two laboratory procedures used to determine various strength-related soil properties. (a) In a triaxial load test, a soil sample 
is loaded axially by the piston and circumferentially by water pressure in the transparent cylinder. (b) In a direct shear test, a 
rectangular prism of soil is placed in a split box and sheared by applying pressure in opposite directions to the two halves of the 
box. (Courtesy of Ardaman and Associates, Inc., Orlando, Florida.)

(a) (b)

soils, particle size is determined by 

mixing the soil with water and observ-

ing how rapidly particles precipitate 

out of liquid suspension (larger parti-

cles will fall to the bottom of the mix-

ture more rapidly than smaller ones).

For cohesive soils, properties such 

as the liquid limit and plastic limit (the 

water content at which the soil transi-

tions from solid to plastic) are deter-

mined. Additional tests can determine 

soil water content, permeability, lique-

faction potential, chemical constitu-

ents, expansion potential, strength in 

shear and compression, and consoli-

dation potential (Figure 2.9).

The information gained through 

subsurface exploration and labora-

tory testing is summarized in a writ-

ten geotechnical report. This report may 

include recommendations for allow-

able bearing loads for the various soil 

strata, appropriate foundation types, 

estimated rates of foundation settle-

ment, soil drainage and foundation 

waterproofing, and other relevant 

information. This report is used by 

engineers in the design of excavations, 

excavation support systems, dewater-

ing, building foundations, and sub-

structure. It is also used by contractors 

in the planning and execution of their 

sitework during construction.
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Building sites should be selected and developed to pro-

tect and conserve natural habitats and resources, enhance 

sustainable community development patterns, promote 

biodiversity, preserve quality open space, and minimize 

pollution and unnecessary energy consumption.

Site Selection
Renovating an existing building rather than building a 

new one saves energy and building materials. If it saves 

the existing building from demolition, renovation also 

diverts enormous quantities of material from landfill.

Building within densely populated areas with existing 

infrastructure and amenities rather than in areas uncon-

nected to community resources promotes neighborhood 

vitality, reduces private motor vehicle travel, and protects 

undeveloped open space.

Building on a previously developed, damaged, or pol-

luted brownfield site, and designing the building so that it 

restores that site, helps to mitigate previous environmen-

tal degradation.

Selecting a building site that is well connected to exist-

ing networks of public transportation, bicycle routes, and 

pedestrian paths reduces fuel consumption, air pollution, 

and other adverse impacts of private motor vehicle use.

Avoiding construction on prime agricultural land 

preserves productive land for the future.

Avoiding construction on undeveloped, environmen-

tally sensitive land protects the wildlife and natural habi-

tats that such land supports. This includes floodplains, 

land that provides habitat for endangered or threatened 

species, wetlands, mature forest lands and prairies, and 

land adjacent to natural bodies of water.

Avoiding construction on public parkland or land 

adjacent to recreational bodies of water preserves public 

open space and recreational resources.

Foundations
Properly waterproofed and drained foundations keep build-

ing interiors dry, and prevent the growth of mold and mildew.

Adequately insulated basements reduce building 

energy consumption and improve occupant comfort.

In areas of high radon soil-gas risk, gas venting sys-

tems protect building occupants from high concentra-

tions of this unhealthful gas.

On building sites polluted by previous development, 

soil mixing techniques can remediate in-ground contami-

nants. Where it is safe to encapsulate soil pollutants on 

site, foundation systems that minimize soil displacement, 

such as piles or rammed aggregate piers, minimize the 

need to handle and dispose of hazardous soils.

Site Design
Preservation of mature trees, distinctive topographic for-

mations, recreational pathways, and other unique site fea-

tures prevents the loss of irreplaceable site assets.

Minimizing the building footprint preserves open 

space. Protecting and enhancing unbuilt portions of the 

site with natural vegetation preserves green space and ani-

mal habitat, and helps maintain biodiversity.

Appropriate landscape design and plant selection 

minimize or eliminate the need for landscape irrigation 

and unneeded water consumption.

Minimizing impervious ground surface area and pro-

viding drainage systems that allow the reabsorption of 

stormwater into the ground work to maintain the natural 

hydrology of the building site, reduce demand on munici-

pal storm sewer systems, and protect natural waterways 

from overloading and pollution.

Providing vegetated or reflective roof surfaces, and 

shaded or reflective paving, reduces heat island effects 

and creates an improved microclimate for both humans 

and wildlife.

Minimizing nighttime light pollution is a benefit to 

humans and nocturnal wildlife alike.

Siting a building for optimal exposure to sun and wind 

maximizes opportunities for passive heating and cooling, 

and natural daylighting, all of which are strategies that 

reduce building energy consumption and enhance occu-

pant comfort and productivity.

Avoiding unnecessary shading of adjacent buildings 

protects those buildings’ sources of natural illumination 

and useful solar heat.

Construction Process
Complying with local and regional conservation laws con-

tributes to the protection of natural resources and animal 

habitat.

Maintaining proper landscape protection prevents the 

loss of difficult- or impossible-to-replace trees and vegetation.

Erosion control measures minimize the loss of soil by 

wind or water action, prevent sedimentation of streams 

and sewers, and minimize pollution of the air with dust 

or particulates.

Stockpiling and protection of topsoil and subsoils 

makes these materials available for reuse at the end of 

construction or at other sites nearby.

Well-marked and properly prepared construction 

vehicle access ways prevent overcompaction of soils, and 

minimize noise, dust, air pollution, and inconvenience to 

neighboring buildings and sites.

Recycling of construction wastes diverts solid waste 

from permanent landfills.

SUSTAINABILITY OF FOUNDATIONS AND THE BUILDING SITE
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Earthwork and 
Excavation

Virtually all building construction is 

accompanied by at least some form 

of earthwork during construction. On 

undeveloped sites, construction may 

begin with grubbing and clearing, in 

which trees and plants, stumps, large 

roots, and other surface materials 

are removed with heavy machinery. 

Next, organically rich topsoil may be 

scraped away and stockpiled to one 

side, to await reuse at the end of con-

struction.

Excavation

Excavation is necessary for basement 

construction, to reach undisturbed, 

adequately firm soil for shallow foot-

ings, for trenches for buried utilities, 

and to remove native soils that are 

contaminated or too weak or unsta-

ble to build over.

In particulate soils, any of a wide 

variety of machines, such as bulldoz-

ers, backhoes, bucket loaders, scrap-

ers, trenching machines, and others, 

may be used to loosen and lift the soil 

from the ground. If the soil must be 

moved more than a short distance, 

dump trucks come into use.

In rock, excavation is slower 

and many times more costly. Weak 

or highly fractured rock may be bro-

ken up with power shovels, tractor-

mounted pneumatic hammers, or 

other specialized tools. Blasting, in 

which explosives are placed and deto-

nated in lines of closely spaced holes 

drilled into the rock, may also be 

used. Where blasting is impractical, 

hydraulic splitters, devices inserted 

into similarly drilled holes but which 

rely on driven wedges to split the 

rock, may be used.

Excavation Support

If the construction site is sufficiently 

larger than the area to be covered by 

the building, the edges of the excava-

tion can be sloped back or benched at a 

low enough angle that the soil will not 

slide back into the hole. This angle, 

called the maximum allowable slope or 
angle of repose, can be steep for cohe-

sive soils such as stiff clays, or shal-

lower for frictional soils such as sand 

and gravel. On constricted sites, the 

soil surrounding an excavation must 

be held back by some kind of excava-
tion support capable of resisting the 

pressures of earth and groundwater 

(Figure 2.10). Excavation support can 

take many forms, depending on the 

soil type, depth of excavation, type of 

construction to follow, equipment and 

preferences of the contractor, proxim-

ity of surrounding roads or buildings, 

and presence of groundwater.

Shoring
Shoring is construction used to sup-

port the sides of an excavation and 

prevent its collapse. For large exca-

vations, the most common types of 

shoring are soldier beams and lag-

ging, and sheet piling. With soldier 

beams and lagging, steel columns 

called H-piles or soldier beams are 

driven vertically into the earth at 

close intervals around an excavation 

site before digging begins. As earth is 

removed, the lagging, usually consist-

ing of heavy wood planks, is placed 

against the flanges of the columns to 

retain the soil outside the excavation 

(Figures 2.11 and 2.12). Sheet piling 

or sheeting consists of vertical sheets 

of various materials that are aligned 

SECTION THROUGH BENCHED
EXCAVATION

SECTION THROUGH SHEETED
EXCAVATION

Bracing is
required to resist
soil pressure

Figure 2.10
On a spacious site, an excavation can 
be benched. When excavating close to 
property lines or nearby buildings, some 
form of excavation support, such as 
sheeting, is used to retain the soil around 
the excavation.

Steel H-pile Wooden planks (lagging) are inserted
between the piles to retain the soil as
excavation progresses

Soil

Figure 2.11
Soldier beams and lagging, shown in 
horizontal section.
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Figure 2.12
Soldier beams and lagging. Lagging 
planks are added at the bottom as 
excavation proceeds. The drill rig is 
boring a hole for a tieback (explained 
later in this chapter) to brace a soldier 
beam. (Courtesy of Franki Foundation 
Company.)

TIMBER SHEET PILING

STEEL SHEET PILING

PRECAST CONCRETE SHEET PILING Grout key

Figure 2.13
Horizontal sections through three types 
of sheet piling. The shading represents 
the retained earth.

tightly against one another edge-to-

edge and driven into the earth to 

form a solid wall, also before excava-

tion begins (Figures 2.13 and 2.14). 

The most common material for sheet 

piling is steel, but wood, aluminum, 

PVC plastic, composite polymers, or 

precast concrete may also be used. 

For trench work, a variety of easy-to-

deploy, reusable support systems are 

also used.

Most often, shoring is temporary, 

and is removed as soil is replaced 

in the excavation. However, it may 

also be left in place to become a 

permanent part of the building’s 

substructure. This may be necessary, 

for example, where shoring is located 

close to a property line and there is 

no practical way to remove it after 

completion of construction without 

disturbing the adjacent property.

Where soil is sufficiently cohe-

sive to hold an adequate slope at 

least temporarily, excavations can be 

stabilized with pneumatically applied 
concrete, also called shotcrete. This stiff 

concrete mixture is sprayed directly 

from a hose onto the soil shortly 

after the soil is excavated. The 

hardened concrete reinforces the 

slope and protects against erosion 

(Figure 2.15).
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inserted into the soil-cement mix 

before the mix hardens, to become 

part of the bracing structure 

(Figure 2.17). Soil-mixed excavation 

support always remains in place, 

becoming a permanent part of the 

subgrade construction.

cement mix hardens into a series 

of underground, abutting vertical 

cylinders of low-strength concrete 

against which excavation can pro-

ceed (Figure 2.16). Where bracing 

is required (as discussed later in 

this chapter), soldier piles can be 

Soil Mixing
With soil mixing, the sides of an exca-

vation are strengthened by blending 

portland cement and water with the 

existing soil. Mixing occurs in place, 

using rotating augers or paddles 

lowered into the ground. The soil-

Figure 2.15
Where excavation support turns the 
corner and the soil can be sloped at a 
lesser angle, less expensive shotcrete 
stabilizes the soil. (Photo by Joseph Iano.)

Figure 2.14
Steel sheet piling being installed with 
a vibratory driver. This type of driver 
imparts a rapid up-and-down motion 
to the sheets. This causes temporary 
liquefaction of the soil directly under 
the leading edge of the sheet, allowing 
the sheet to descend easily into the soil. 
Depending on soil conditions, impact 
hammers or hydraulic presses may also 
be used. The circular hole in the top of 
each of sheet is used when lifting the 
sheets by crane. (Photo by Joseph Iano.)
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Soil mixing is one method of 

so-called ground improvement or earth 
improvement; these terms refer to any 

of a variety of methods for altering 

the properties of soil in place. Soil 

mixing, for example, can also be 

used to create cutoff walls to prevent 

water seepage into excavations, to 

stabilize or strengthen areas of weak 

soil around or under buildings, or 

to remediate biologically or chemi-

cally contaminated soil by adding 

chemicals that neutralize the con-

tamination. Another form of ground 

improvement, rammed aggregate 

piers, is discussed later in this chapter.

Slurry Walls
A slurry wall is a more complex 

method of constructing a complete, 

steel-reinforced, concrete wall in the 

ground, even many stories below 

the surface, before excavation takes 

place. It is a relatively expensive form 

of excavation support that is usually 

economical only if it becomes part 

of the permanent foundation of the 

building. The excavation for a slurry 

wall is performed with a narrow clam-
shell bucket, operated by crane, and 

guided by temporary guides at the 

ground surface defining the edges 

of the wall (Figures 2.18 and 2.19). 

As the trench deepens, the tendency 

of the earth walls to collapse is coun-

teracted by maintaining the trench 

full at all times with a viscous mixture 

of water and bentonite clay, called 

a slurry. This slurry exerts pressure 

against the earth walls, holding them 

in place.

When the trench has been exca-

vated to its full depth, steel tubes 

with diameters equal to the width 

of the trench are inserted vertically 

at intervals to divide the trench into 

sections of a size that can be rein-

forced and concreted conveniently. 

Into each section, a steel cage of 

reinforcing steel is lowered, and 

concrete is poured from the bottom 

up, using a funnel-and-tube arrange-

ment called a tremie. As the con-

crete rises in the trench, the slurry 

is displaced and pumped out into 

Figure 2.16
Soil mixing.
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Figure 2.17
Soil-mixed excavation support. Above: 
Excavation proceeds after the soil mixture 
has hardened. Bracing consists of soldier 
piles, walers, and tiebacks. The soldier piles 
are inserted during mixing, before the soil-
cement mixture hardens. The walers and 
tiebacks are installed later, as excavation 
progresses. Below: Fully excavated soil-mixed 
excavation support, strong enough to resist 
the pressures from adjacent buildings. 
(Photographs courtesy of Schnable Foundation 
Company.)

holding tanks, where it is stored for 

reuse. After the concrete in one sec-

tion reaches the top of the trench 

and has hardened, the vertical pipes 

on either side are withdrawn, and 

adjoining sections can be poured. 

This process is repeated until con-

creting of all sections of the wall is 

completed. When the concrete wall 

has cured to its intended strength, 

earth removal begins inside the wall, 

which serves as shoring for the exca-

vation. In most cases, this wall will 

also become a permanent part of the 

future building foundation or sub-

structure.

Slurry walls can also be con-

structed from precast, rather than 

sitecast, concrete. Prestressed wall 

sections are produced in a precast-

ing plant (see Chapter 15) and then 

trucked to the construction site. The 

slurry for precast walls may include 

portland cement in addition to 

the water and bentonite clay. Before 

a section is lowered by crane into 

the slurry, one face is coated with a 

release compound that will prevent 

the clay-cement slurry from adhering. 

The wall sections are installed side by 

side in the trench, joined by tongue-

and-groove edges or synthetic rubber 

gaskets. After the portland cement 

has caused the slurry to harden, exca-

vation begins, with the hardened 

slurry on the exposed face of the wall 

dropping away from the coated sur-

face as soil is removed.

Compared to sitecast concrete, a 

precast concrete slurry wall can have 

a smoother, flatter, more attractive 

surface; may be thinner due to the 
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Figure 2.18
Steps in constructing a slurry wall. 
(A) Temporary concrete guide walls are 
installed at the surface, and the clamshell 
bucket begins excavating the trench 
through a bentonite clay slurry. (B) The 
trench is dug to the desired depth, with 
the slurry serving to prevent collapse of 
the walls of the trench. (C) A welded cage 
of steel reinforcing bars is lowered into 
the slurry. (D) The trench is concreted 
from the bottom up with the aid of a 
tremie. The displaced slurry is pumped 
from the trench, filtered, and stored for 
reuse. (E) The reinforced concrete wall 
is tied back as excavation progresses.

A B C D E

structural efficiency of prestressing; 

and may have greater watertightness 

because of the continuous layer of 

solidified clay on the unexcavated 

side.

Bracing
As an excavation deepens, its support 

system must be braced against earth 

and water pressures (Figure 2.20). 

Crosslot bracing uses temporary steel 

wide-flange columns that are driven 

into the earth at points where braces 

will cross. As the earth is excavated 

down around the shoring and the 

columns, tiers of horizontal bracing, 

usually of steel, are added to support 

walers, which are beams that span 

across the face of the sheeting. Where 

the excavation is too wide for cross-

lot bracing, sloping rakers are used 

instead, bearing against temporary 

footings.

Both rakers and crosslot brac-

ing, especially the latter, are a hin-

drance to the excavation process, as 

their presence within the excavation 

places limitations on earth removal 

methods and equipment. Where 

soil conditions permit, tiebacks can 

be used instead of bracing to sup-

port the shoring while maintaining 

a fully open excavation. At each level 

of walers, holes are drilled at inter-

vals through the shoring and the sur-

rounding soil into rock or a stratum 

of stable soil. Steel cables or rods are 

inserted into the holes, grouted to 

anchor them in place, and stretched 

tight with hydraulic jacks (postten-

sioned) before they are fastened to 

the walers (Figures 2.21, 2.22, and 

2.23).

Excavations in fractured rock can 

often do without any sheeting, either 

by injecting grout into the joints 

of the rock to stabilize it or by drill-

ing into the rock and inserting rock 
anchors that fasten the blocks together 

(Figure 2.24).

In some cases, vertical walls of 

particulate soils can be stabilized by 

soil nailing. A soil nail is similar to a 

rock anchor. A length of steel bar is 

inserted into a nearly horizontal hole 

drilled deep into the soil. Grout is 

injected into the hole to bind the nail 

to the surrounding soil. Large num-

bers of closely spaced nails are used 

to knit a large block of soil together 

so that it behaves more like weak rock 

than particulate soil.

Bracing and tiebacks in excava-

tions are usually temporary. Their 

function is eventually taken over 

by the floor structure of the base-

ment levels of the building, which 

is designed to resist the lateral loads 

from the surrounding earth acting on 

the substructure walls.

Dewatering

During construction, excavations 

must be kept free of standing water 

from precipitation or groundwater 

seepage. Some shallow excavations in 

relatively dry soils may remain free of 

water without any intervention. But 

most excavations require some form 

of dewatering, or removal of water 

from the excavation or surround-

ing soil. The most common method 

of dewatering is by pumping as the 
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(a) (b)

(c) (d)

Figure 2.19
Constructing a slurry wall. (a) Concrete guide walls are formed and poured in a shallow trench. (b) The narrow clamshell bucket 
discharges a load of soil into a waiting dump truck. Most of the trench is covered with wood pallets for safety. (c) A detail of the 
clamshell bucket. (d) Hoisting a reinforcing cage from the area where it was assembled and getting ready to lower it into the trench. 
The depth of the trench and height of the slurry wall are equal to the height of the cage, which is about four stories for this project. 
(Concreting of the wall after placement of reinforcing is not shown.) (Photo a courtesy of Soletanche. Photos b, c, and d courtesy of Franki 
Foundation Company.)
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Figure 2.20
Three methods of bracing excavation 
support, drawn in cross section. The 
connection between the waler and 
the brace, raker, or tieback requires 
careful structural design. The broken 
line between rakers indicates the mode 
of excavation: The center of the hole 
is excavated first with sloping sides, as 
indicated by the broken line. The heel 
blocks and uppermost tier of rakers 
are installed. As the sloping sides are 
excavated deeper, more tiers of rakers 
are installed. Notice how the tiebacks 
leave the excavation totally free of 
obstructions.

CROSSLOT BRACING

RAKERS

TIEBACKS

A

B

C

Figure 2.21
Three steps in the installation of a 
tieback to a soil anchor. (A) A rotary 
drill bores a hole through the sheeting 
and into stable soil or rock. A steel pipe 
casing keeps the hole from caving in 
where it passes through noncohesive 
soils. (B) Steel prestressing tendons are 
inserted into the hole and grouted under 
pressure to anchor them to the soil. 
(C) After the grout has hardened, the 
tendons are tensioned with a hydraulic 
jack and anchored to a waler.
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(a)

(b)

(c)

(b) Inserting prestressing tendons into the steel casing for a 
tieback. The apparatus in the center of the picture is for pressure-
injecting grout around the tendons. (c) After the tendons have 
been tensioned, they are anchored to a steel chuck that holds 
them under stress, and the cylindrical hydraulic jack is moved to 
the next tieback. (Photos courtesy of Franki Foundation Company.)

Figure 2.22
Installing tiebacks. (a) Drilling through 
a slurry wall for a tieback. The ends 
of hundreds of completed tiebacks 
protrude from the wall.
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Figure 2.23
Slurry wall and tieback construction used to support historic buildings around a deep 
excavation for a station of the Paris Metro. (Photo courtesy of Soletanche.)

Figure 2.24
Rock anchors are similar to tiebacks but 
are used to hold jointed rock formations 
in place around an excavation.

pump

Well point

Sheeting

Excavation
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Water table after
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Excavation

Water table

WELL POINTS

Figure 2.25
Two methods of keeping an excavation 
dry, viewed in cross section. The water 
sucked from well points depresses the 
water table in the immediate vicinity to a 
level below the bottom of the excavation. 
Watertight barrier walls work only if 
their bottom edges are inserted into an 
impermeable stratum that prevents water 
from working its way under the walls.

water accumulates in pits, called 

sumps, located at low points in the 

excavation.

Where the volume of ground-

water flowing into the excavation is 

great, or with soils, such as sand or 

silt, that may be softened by constant 

seepage, it may be necessary to keep 

groundwater from entering the exca-

vation at all. This can be done either 

by pumping water from the surround-

ing soil to depress the water table 

below the bottom of the excavation 

or by erecting a watertight barrier 

around the excavation (Figure 2.25).

Well points are commonly used 

to depress the water table. These 

are vertical pipes inserted into the 

ground with screened openings at 

the bottom that keep out soil particles 

while allowing water to enter. Closely 

spaced well points are driven into 

the soil around the perimeter of the 

excavation and connected to pumps 

that continually draw water from the 

ground and discharge it away from 

the building site. Once pumping 

has drawn down the water table in 

the area of the excavation, work can 

proceed “in the dry” (Figures 2.26 

and 2.27). Suction pumps stationed 

at ground level can only draw water 

from a depth of about 20 feet (6 m). 

For deeper excavations, two or more 

rings of well points may be required, 

the inner rings working at deeper 

levels than the outer ones. Or, a sin-

gle ring of deep wells with submers-

ible pumps at their bottoms may be 

installed.

Well points are not always practi-

cal: They may have insufficient capacity 

to keep the excavation dry, restrictions 

on the discharge of groundwater may 

preclude their use, or lack of reliability 
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Figure 2.27
An excavation is kept dry despite the close proximity of 
a large body of water. Two dewatering pumps are visible 
in the foreground. A pair of header pipes and numerous 
well points can be seen surrounding the excavation. 
(Courtesy of Griffin Dewatering Corporation.)

Figure 2.26
Well point dewatering. Closely spaced vertical well points 

connect to the larger-diameter header pipe. (Courtesy of Griffin 
Dewatering Corporation.)
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above and spread them out across 

an area of soil large enough that 

the allowable soil pressure is not 

exceeded. A column footing is a square 

block of concrete, with or without steel 

reinforcing, that distributes a column 

load to the soil below. A wall footing or 

strip footing is a continuous strip of con-

crete that serves the same function for 

a loadbearing wall (Figures 2.29 and 

2.30).

To minimize settlement, spread 

footings must be placed on undis-

turbed soil. Alternatively, where 

there are areas of unsuitable soil at 

the bearing level, native soil may be 

removed and replaced with engineered 
fill, properly formulated higher-

strength, more stable soil material 

brought from offsite. This material 

is placed in layers and compacted 

to a specified density, usually under 

the supervision of a soils engineer, to 

ensure that the required loadbearing 

capacity and stability are achieved.

In cold climates, footings must also 

be placed below the frost line, the level 

to which the ground freezes in winter. 

Foundations exposed to freezing tem-

peratures can be lifted and damaged 

by soil that expands as it freezes or by 

ice lenses, thick layers of ice that form as 

water vapor migrates upward from the 

soil and is trapped under the footing.

In climates with little or no ground 

freezing, the thickened edges of a con-

crete slab on grade (see Chapter 14 

for further information on slabs on 

grade) can function as simple, inex-

pensive spread footings for one- and 

two-story buildings. Where footings 

must be deeper, or floors are raised 

over a crawlspace or basement, concrete 

or masonry walls resting on strip foot-

ings provide support for the structure 

above (Figure 2.31). When building 

on slopes, strip footings are stepped, 

to maintain the required depth of foot-

ing at all points around the building 

(Figure 2.32). If a sloping site or earth-

quake precautions require it, column 

footings may be linked together with 

reinforced concrete tie beams to main-

tain stability of the footings when sub-

jected to lateral forces.

due to power outages may be a con-

cern. In some locations, lowering of 

the water table could adversely affect 

neighboring buildings, causing soil 

consolidation under their foundations 

or exposing wood foundation piles, 

previously protected by immersion in 

water, to decay once they contact air. 

In these cases, a watertight barrier wall 
made from a slurry wall or soil-mixed 

wall may be used (Figure 2.25). (Sheet 

piling can also work, but it tends to 

leak at the joints.) Soil freezing is also 

possible; with this strategy, an array of 

vertical pipes similar to well points is 

used to circulate coolant at tempera-

tures low enough to freeze the soil 

around an excavation area, resulting 

in a temporary but reliable barrier to 

groundwater. Watertight barriers must 

resist the hydrostatic pressure of the 

surrounding water, which increases 

with depth, so for deeper excava-

tions, a system of bracing or tiebacks 

is required. A watertight barrier also 

works only if it reaches into a stratum 

of impermeable soil at its bottom, such 

as bedrock or water-impermeable clay. 

Otherwise, water can flow underneath 

the barrier and rise up from the bot-

tom of the excavation.

Foundations

It is convenient to think of a building 

as consisting of three major parts: the 

superstructure, the above-ground por-

tion of the building; the substructure, 
the habitable portion below ground; 

and the foundations, the below-

ground components of the building 

devoted solely to the transfer of loads 

into the soil (Figure 2.28).

There are two basic types of foun-

dations: shallow and deep. Shallow 
foundations transfer building loads to 

the earth close to the base of the sub-

structure. Deep foundations, either piles 

or caissons, extend downward through 

layers of weak or unstable strata to 

reach more competent soil or rock 

deeper within the earth. Shallow foun-

dations are less expensive than deep 

ones and are used wherever possible.
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Figure 2.28
Superstructure, substructure, and 
foundation. The substructure in 
this example contains two levels of 
basements, and the foundation consists 
of bell caissons. (In some buildings, the 
substructure and foundation may be 
partly or wholly the same.)

The best choice of foundation 

type for any particular building is 

sometimes obvious, especially where 

shallow foundations will work. In 

other cases, in-depth investigation 

and evaluation may be required 

to determine the optimal design. 

Subsurface soil types, groundwa-

ter conditions, and the structural 

requirements of the superstructure 

are primary considerations. Addition-

ally, local construction practices; envi-

ronmental considerations of noise, 

traffic, and disposal of earth materi-

als and water; regulatory restrictions; 

potential impacts on adjacent prop-

erties; construction schedules; and 

other considerations may come into 

play.

Shallow Foundations

Spread Footings
Most shallow foundations are simple 

concrete spread footings. Spread foot-

ings take concentrated loads from 
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Footings cannot legally extend 

beyond a property line, even for a 

building built tightly to that line. If 

the outer toe of the footing were sim-

ply cut off at the property line, the 

footing would be unbalanced by the 

off-center column or wall above and 

tend to rotate and fail. Combined foot-
ings and cantilever footings solve this 

problem by tying the footings for the 

outside row of columns to those of the 

next row in such a way that any imbal-

ance is neutralized (Figure 2.33).

Shallow Frost-Protected Foundations
Where the frost line is deep, excava-

tion costs can be saved by construct-

ing shallow frost-protected foundations. 
These are footings placed closer to 

the ground surface, but insulated in 

such a way that the ground under-

neath them cannot freeze. Continu-

ous layers of insulation board are 

placed around the perimeter of 

the building in such a way that heat 

Figure 2.30
These concrete foundation walls for an apartment building, with their steel formwork 
not yet stripped, rest on wall footings. For more extensive illustrations of wall and 
column footings, see Figures 5.11, 14.5, 14.7, and 14.14. (Reprinted with permission of 
the Portland Cement Association from Design and Control of Concrete Mixtures; Photos: 
Portland Cement Association, Skokie, IL.)

SLAB ON GRADE

CRAWLSPACE

BASEMENT

Figure 2.31
Three types of substructures with 
shallow foundations. The slab on grade, 
where adequate, is the most economical 
under many circumstances. A crawlspace 
is used under a raised floor structure 
and gives easier access to underfloor 
piping and wiring than a slab on grade. 
Basements provide usable space.

COLUMN FOOTING WALL FOOTING

Figure 2.29
A column footing and a wall footing of concrete. The steel reinforcing bars have been 
omitted from this illustration for clarity. The role of steel reinforcing in the structural 
performance of concrete elements is explained in Chapter 13.
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STEPPED FOOTING

Tie beams
between columns

TIE BEAMS

Grade beam

GRADE BEAM

Figure 2.32
Foundations on sloping sites, viewed in a cross section through the building. The broken 
line indicates the outline of the superstructure. Wall footings are stepped to maintain 
the necessary distance between the bottom of the footing and the surface of the ground. 
Separate column foundations, whether caissons (as shown here) or column footings, are 
often connected with reinforced concrete tie beams to reduce differential movement 
between the columns. A grade beam differs from a tie beam by being reinforced to 
distribute the continuous load from a bearing wall to separate foundations.

Figure 2.33
Either a combined footing (top) or a 
cantilevered footing (bottom) is used 
when columns must abut a property 
line. By combining the foundation for 
the column against the property line, 
at the left, with the foundation for the 
next interior column to the right in a 
single structural unit, a balanced footing 
design can be achieved. The concrete 
reinforcing steel has been omitted from 
these drawings for the sake of clarity.
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Figure 2.35
Pouring a large foundation mat. Six 

truck-mounted pumps receive concrete 
from a continuous procession of 

transit-mix concrete trucks and deliver 
this concrete to the heavily reinforced 

mat. Concrete placement continues 
nonstop around the clock until the 

mat is finished, to avoid “cold joints,” 
weakened planes between hardened 

concrete and fresh concrete. The soil 
around this excavation is supported 

with a sitecast concrete slurry wall. Most 
of the slurry wall is tied back, but a set 

of rakers is visible at the lower right. 
(Courtesy of Schwing America, Inc.)

flowing into the soil in winter from 

the interior of the building main-

tains the soil beneath the footings at 

a temperature above freezing (Fig-

ure 2.34). Even beneath unheated 

buildings, properly installed thermal 

insulation can trap enough geother-

mal heat around shallow foundations 

to prevent freezing. The insulation 

boards for shallow frost-protected 

footings are made from foam plastic 

or other material that can withstand 

the effects of ground moisture and 

earth pressures.

Mat Foundations
In situations where the bearing 

capacity of the soil is low in relation 

to building loads, column footings 

may become so closely spaced that it 

is more effective to merge them into 

a single mat or raft foundation that sup-

ports the entire building. Mat founda-

tions for very tall buildings are heavily 

reinforced and may be 6 feet (1.8 m) 

or more in thickness (Figure 2.35).

Wall structure

Protective coating

Plastic foam insulation

Shallow footing in inorganic soil

Figure 2.34
A typical detail for a shallow frost-protected footing.
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Figure 2.36
A cross section through a building with 
a floating foundation. The building 
weighs approximately the same as the 
soil excavated for the substructure, so 
the stress in the soil beneath the building 
is the same after construction as it was 
before.
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Figure 2.37
Deep foundations. Caissons are concrete 
cylinders poured into drilled holes. They 
reach through weaker soil (light shading) 
to bear on competent soil beneath. 
The end bearing caisson at the left is 
belled as shown when additional bearing 
capacity is required. The socketed 
caisson is drilled into a hard stratum and 
transfers its load primarily by friction 
between the soil or rock and the sides 
of the caisson. Piles are driven into the 
earth. End bearing piles act in the same 
way as caissons. The friction pile derives 
its load-carrying capacity from friction 
between the soil and the sides of the pile.

Figure 2.38
A 6-foot- (1828-mm-) diameter auger on a telescoping 70-foot (21-m) bar brings up a 
load of soil from a caisson hole. The auger will be rotated rapidly to spin off the soil 
before being reinserted in the hole. (Courtesy of Calweld Inc.)

Especially where settlement must 

be carefully controlled, a floating or 

compensated foundation—a variation 

on a mat footing—may be used. A 

compensated foundation is a mat 

foundation placed at a depth such 

that the weight of the soil removed 

from the excavation is close to the 

weight of the building constructed 

above. In this way, the load on the 

underlying soil changes very little, 

and settlement is minimized. As a 

rule of thumb, one story of exca-

vated soil weighs about the same as 

five to eight stories of superstructure, 

depending on the density of the soil 

and the construction of the building 

(Figure 2.36). A compensated foun-

dation for a 30-story building, there-

fore, would require an excavation 4 

to 6 stories deep to achieve the nec-

essary balance between removed soil 

and imposed building load.

Deep Foundations

Caissons
A caisson, or drilled pier (Figure 2.37), 

is similar to a column footing in that it 

spreads the load from a column over 

a large enough area of soil that the 

allowable pressure in the soil is not 

exceeded. It differs from a column 

footing in that it extends through 

strata of unsatisfactory soil beneath 

the substructure of a building until it 

reaches a more suitable stratum.

A caisson is constructed by drill-

ing a hole, belling (flaring) the hole 

out at the bottom as necessary to 

achieve the required bearing area, 

and filling the hole with concrete. 

Large auger drills (Figures 2.38 and 

2.39) are used for drilling caissons. 

Occasionally hand excavation is used 

where the soil is too full of boulders 
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Figure 2.40
The bell is formed at the bottom of the caisson shaft by a belling bucket with 
retractable cutters. The example shown here is for an 8-foot- (2.44-m-) diameter shaft 
and makes a bell 21 feet (6.40 m) in diameter. (Courtesy of Calweld Inc.)

to drill. Depending on soil condi-

tions, the soil around the drilled 

hole may be temporarily supported 

with a cylindrical steel casing lowered 

around the drill as it progresses, or 

by temporarily filling the hole with 

water or a slurry, similar to slurry 

wall construction. When a firm bear-

ing stratum is reached, the bell, if 

required, is created at the bottom of 

the shaft either by hand excavation 

or by a special belling bucket on the 

drill (Figure 2.40). The bearing sur-

face of the soil at the bottom of the 

hole is then inspected to be sure it is 

of the anticipated quality. Finally, the 

hole is filled with concrete, with any 

temporary casing withdrawn or water 

or slurry pumped out as the concrete 

rises. Reinforcing is seldom used in 

Figure 2.39
For cutting through hard material, the 
caisson drill is equipped with a carbide-
toothed coring bucket. (Courtesy of 
Calweld Inc.)

the concrete except near the top of 

the caisson, where it joins the build-

ing structure above.

Caissons are large, heavy-duty 

foundation components. Their shaft 

diameters range from 18 inches 

(460 mm) up to 12 feet (3.6 m) or 

more. Belled caissons are practical only 

where the bell can be excavated in a 

cohesive soil that will retain its shape 

at least until the concrete is poured. 

Where groundwater is present, the 

temporary steel casing can prevent 

flooding of the caisson hole during 

its construction. But where the bear-

ing stratum is permeable, water may 

fill the hole from below and caisson 

construction may not be practical.

A socketed caisson (Figure 2.37) 

is drilled into rock at the bottom 

rather than belled. Its bearing capac-

ity comes not only from its end bear-

ing, but also from friction between 

the sides of the caisson and the rock. 

Figure 2.41 shows the installation of 

a rock caisson or drilled-in caisson, a 

special type of socketed caisson with a 

steel H-section core.

Piles
Piles (Figure 2.37) are more slender 

than caissons, and forcibly driven 

into the earth rather than drilled 

and poured. They are used where 

noncohesive soils, subsurface water, 

or excessive depth of bearing strata 

make caissons impractical. If a pile 

is driven until its tip encounters firm 

resistance from a suitable bearing 

stratum such as rock, dense sands, or 
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Figure 2.41
Installing a rock caisson. (a) The shaft of the caisson has been drilled through 
softer soil to the rock beneath and cased with a steel pipe. A churn drill is being 
lowered into the casing to begin advancing the hole into the rock. (b) When the 
hole has penetrated the required distance into the rock stratum, a heavy steel 
H-section is lowered into the hole and suspended on steel channels across the 
mouth of the casing. The space between the casing and the H-section is then 
filled with concrete, producing a caisson with a very high load-carrying capacity 
because of the composite structural action of the steel and the concrete. 
(Courtesy of Franki Foundation Company.)

(a) (b)

gravels, it is an end bearing pile. If no 

firm bearing layer can be reached, a 

pile may still develop a considerable 

load-carrying capacity through fric-

tional resistance between the sides of 

the pile and the soil through which 

it is driven; in this case, it is known 

as a friction pile. (Often piles rely to 

some degree on a combination of 

end bearing and friction for their 

strength.) Piles are usually driven 

closely together in clusters that con-

tain 2 to 25 piles each. The piles in 

each cluster are later joined at the 

top by a reinforced concrete pile cap, 

which distributes the load of the col-

umn or wall above among the piles 

(Figures 2.42 and 2.43).

If . . . solid ground cannot 

be found, but the place 

proves to be nothing but a 

heap of loose earth to the 

very bottom, or a marsh, 

then it must be dug up and 

cleared out and set with 

piles made of charred alder 

or olive wood or oak, and 

these must be driven down 

by machinery, very closely 

together.

—Marcus Vitruvius Pollio (Roman 

architect), The Ten Books on 
Architecture, 1st century BC
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Figure 2.43
An elevation view of a pile cap, column, 
and floor slab.

Floor slab

Crushed
stone

Column

Expansion
joint

Pile cap

Piles

Figure 2.42
Clusters of two, three, four, and nine 
piles with their concrete caps, viewed 
from above. The caps are reinforced to 
transmit column loads equally into all the 
piles in the cluster, but the reinforcing 
steel has been omitted here for the sake 
of clarity.

End bearing piles work essentially 

the same as caissons and are used on 

sites where a firm bearing stratum can 

be reached, even sometimes at depths 

of 150 feet (45 m) or more. Each pile is 

driven to refusal, the point at which little 

additional penetration is made with 

continuing blows of the hammer, indi-

cating that the pile is firmly embed-

ded in the bearing layer. Friction piles 

are driven either to a predetermined 

depth or until a certain level of resis-

tance to hammer blows is encountered, 

rather than to refusal as with end bear-

ing piles. Clusters of friction piles have 

the effect of distributing a concen-

trated load from the structure above 

into a large volume of soil around 

and below the cluster, at stresses that 

lie safely within the capacity of the soil 

(Figure 2.44). The loadbearing capaci-

ties of piles are calculated in advance 

based on soil test results and the prop-

erties of the piles. To verify these cal-

culations, as well as to determine the 

rate and ease with which piles can be 

installed, test piles are often driven 

and loaded on the building site before 

foundation work begins.

Where piles are used to support 

loadbearing walls, reinforced con-

crete grade beams are constructed 

between the pile caps to transmit the 

wall loads to the piles (Figure 2.45). 

Grade beams are also used with cais-

son foundations for the same purpose.

Pile Driving
Conventional piles are driven with pile 
hammers, heavy weights lifted by the 

energy of steam, compressed air, com-

pressed hydraulic fluid, or diesel fuel 

combustion, then dropped on the top 

of the pile. The hammer travels on 

vertical rails called leads (pronounced 

“leeds”) at the front of a piledriver 

(Figure 2.46). It is first hoisted up the 

leads to the top of each pile as driv-

ing commences, then follows the pile 

down as it penetrates the earth. The 

piledriver includes additional hoisting 

machinery for raising the piles them-

selves into position before driving.

In certain types of soil, piles can 

be driven more efficiently by vibra-

tion than by hammer blows alone, 

using a vibratory hammer mecha-

nism. Also, as discussed later in this 

chapter, some lightweight pile sys-

tems are installed by rotary drilling or 

hydraulic pressing.

Pile Materials
Piles may be made of timber, steel, 

concrete, or various combinations 

of these materials (Figure 2.47). The 

simplest are timber piles, made from 

tree trunks with their branches and 

bark removed and driven into the 

ground small end first. Timber piles 

have been used since Roman times, 

when they were driven by large ham-

mers hoisted by muscle power. Their 

main advantage is that they are eco-

nomical for lightly loaded founda-

tions. A primary disadvantage is that 

they cannot be spliced during driv-

ing and are, therefore, limited to 

the length of available tree trunks, 

approximately 65 feet (20 m). Unless 

pressure treated with a chemical pre-

servative or completely submerged 

below the water table, they will decay 

(the lack of free oxygen in the water 

prohibits organic growth). Relatively 

small hammers must be used when 

driving timber piles, to avoid splitting 



Foundations / 59

Figure 2.44
A single friction pile (left) transmits its load into the earth as an equal shear pressure 
along the bulb profile indicated by the dotted line. As the size of the pile cluster 
increases, the piles act together to create a single larger bulb of higher pressure 
that reaches deeper into the ground. A building with many closely spaced clusters 
of piles (right) creates a very large, deep bulb. Care must be taken to ensure that 
large-pressure bulbs do not overstress the soil or cause excessive settlement of the 
foundation. The settlement of a large group of friction piles in clay, for example, will 
be considerably greater than that of a single isolated pile.

Figure 2.45
To support a loadbearing wall, pile caps are joined by 

a grade beam. The reinforcing in the grade beam is 
similar to that in any ordinary continuous concrete 

beam and has been omitted for clarity. In some 
cases, a concrete loadbearing wall can be reinforced 

to act as its own grade beam.

Reinforced concrete grade
beam with integral pile
caps

Piles

Loadbearing wall
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Figure 2.46
A piledriver hammers a precast 
concrete pile into the ground. The pile 
is supported by the lead and driven 
by a heavy diesel piston hammer. The 
hammer follows the pile down the leads 
as the pile progresses deeper into the 
soil. (Photo by Joseph Iano.)

STEEL H-PILE STEEL PIPE PILE PRECAST
CONCRETE PILE

WOOD PILE

Figure 2.47
Cross sections of common types of piles. 
Precast concrete piles may be square or 
round instead of the octagonal section 
shown here and may be hollow in the 
larger sizes.
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Minipiles and helical piles, being 

thinner in section than conventional 

steel piles, sometimes require added 

corrosion protection. For minipiles, 

the surrounding grouting is usually 

adequate. Ungrouted helical piles and 

minipiles may be galvanized (zinc-

coated) or coated with plastic or epoxy.

Precast concrete piles are square, 

octagonal, or round in section, and 

in large sizes may have open cores 

to allow inspection after driving 

(Figure 2.49). Most are prestressed, 

but some for smaller buildings may 

be only conventionally reinforced 

(for an explanation of concrete rein-

forcing and prestressing, see Chapter 

13). Typical cross-sectional dimen-

sions range from 10 to 30 inches (250 

to 800 mm) or more. Advantages of 

precast concrete piles include high 

load capacity and freedom from cor-

rosion or decay. Precast piles must 

The low levels of free oxygen in undis-

turbed soils generally limit corrosion 

to rates that can be accounted for 

in the thickness of the steel sections 

themselves. Or, where soil conditions 

are unusually corrosive, a concrete 

pile may chosen instead.

Minipiles, also called pin piles or 

micropiles, are made from steel bar or 

pipe 2 to 12 inches (50 to 300 mm) 

in diameter. They are pressed or 

rammed into holes drilled in the soil 

and then grouted in place. Where 

vertical space is limited, such as 

when working in the basement of 

an existing building, minipiles can 

be installed in individual sections as 

short as 3 feet (1 m) that are coupled 

end-to-end as driving progresses. 

Helical piles or screw piles are similar 

to minipiles, but with one or more 

helical boring blades, up to 24 inches 

(600 mm) in diameter, attached (Fig-

ure 2.48). A helical pile is installed by 

rotation, causing it to auger into the 

ground without predrilling.

Minipiles and helical piles 

are installed without hammering, 

thereby avoiding much of the vibra-

tion and noise associated with con-

ventional pile installation. This 

makes these pile types good choices 

for work close to existing buildings 

or for the improvement of existing 

foundations where excessive vibra-

tion could damage existing structures 

or noise could disrupt ongoing activi-

ties. Because of their slenderness, 

their installation also entails little or 

no soil displacement, minimizing the 

risk of disturbance to nearby founda-

tions. Bearing capacity for minipiles 

and helical piles ranges from as little 

as 2 tons (18 kN) to as much as 200 

tons (1800 kN). See Figure 2.54 for 

an illustration of minipiles used to 

reinforce or underpin an existing 

foundation. Larger-capacity drilled 

minipiles, using pipes with diame-

ters up to 24 inches (610 mm), blur 

the distinction between traditional 

piles and caissons, while retain-

ing the advantages of low-vibration 

installation and ability to be installed 

in confined spaces.

Foundation
wall
Footing

Pile cap

Weak soil

Stronger
soil

Coupling

Helical
blades

Figure 2.48
A helical pile. Rows of piles transfer loads 
from the shallow footing, located in a 
relatively weak soil (lighter in tone in the 
illustration), into the stronger underlying 
stratum (darker tone in the illustration).

the piles. Capacities of individual tim-

ber piles lie in the range of 10 to 55 

tons (90 to 490 kN).

Steel piles made be made from 

H-sections or pipes. H-piles are spe-

cial wide-flange sections (see Chapter 

11), 8 to 14 inches (200 to 355 mm) 

deep, which are approximately square 

in cross section. They are used in end 

bearing applications. H-piles displace 

relatively little soil during driving. 

This minimizes the upward displace-

ment of adjacent soil, called heaving, 

that may occur with other pile types. 

Soil displacement can be a problem 

on urban sites, where it can disturb 

adjacent buildings.

H-piles can be brought to the site 

in any convenient lengths, welded 

together as driving progresses to form 

any necessary length of pile, and cut 

off with an oxyacetylene torch when 

the required depth is reached. The 

cutoff ends can then be welded onto 

other piles to avoid waste. Corrosion 

can be a problem in some soils, how-

ever, and unlike closed pipe piles and 

hollow precast concrete piles, H-piles 

cannot be inspected after driving to 

be sure they are straight and undam-

aged.

Steel pipe piles have diameters of 8 

to 24 inches (200 to 600 mm) or more. 

The lower, driven end of the pipe may 

be either open or closed. An open 

pile is easier to drive than a closed pile 

and, depending on soil conditions, 

may displace less soil. After driving, 

the pipe is cleared of soil, inspected to 

ensure that it is straight and undam-

aged, and then filled with concrete. 

A closed pile can be inspected and 

concreted immediately after driving. 

Pipe piles generally displace larger 

amounts of soil during driving than 

H-piles, increasing the possibility of 

upward heaving of nearby soil and 

disturbance of nearby buildings. The 

larger sizes of pipe piles require a 

heavier hammer for driving as well. 

H-piles and steel pipe piles can carry 

loads up to approximately 200 to 300 

tons (1800 to 2700 kN).

Conventional steel piles normally 

have no added corrosion protection. 
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Figure 2.50
Various types of sitecast concrete piles. Most are cast into steel casings that have been driven into the ground. The uncased piles 
are made by withdrawing the casing as the concrete is poured and saving it for subsequent reuse. (Compared to steel pipe piles, the 
metal shells in cased concrete piles are thinner and contribute less to the bearing capacity of the pile.)

Figure 2.49
Precast, prestressed concrete piles. Lifting 
loops are cast into the sides of the piles as 
crane attachments for hoisting them into 
a vertical position. In the background can 
be seen driven piles, ready for cutting off 
and capping. (Courtesy of Lone Star/San-Vel 
Concrete.)

be handled carefully to avoid bend-

ing and cracking before installation. 

Splices between lengths of precast 

piling can be made with mechanical 

fastening devices that are cast into the 

ends of the sections. Bearing capaci-

ties range up to approximately 500 

tons (4400 kN).

Sitecast concrete piles are usually 

installed by driving a hollow steel 

shell into the ground and then filling 

the shell with concrete. The shell may 

remain in place as part of the finished 

pile, or it may be removed and reused 

for the installation of subsequent piles 

(Figure 2.50). When left in place, the 

shell may be corrugated to increase its 

stiffness. Alternatively, an auger with 
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STEPS IN AGGREGATE PIER INSTALLATION

SECTION

Figure 2.51
Above, four steps in the construction of rammed aggregate piers. From left to right: 
(1) The pier hole is drilled with a rotating auger or high-energy vibrating probe. 
(2) The first lift of aggregate is compacted at the base of the hole. (3) Succeeding lifts 
are compacted one after the other. As lifts are compacted in place, the surrounding 
soil is also densified. (4) The pier is completed. Below, a diagrammatic section 
illustrating shallow spread footings and a slab on grade bearing on soil strengthened 
with aggregate piers. Finished piers may be up to 36 in. (900 mm) in diameter and 
30 ft (9 m) deep.

a hollow stem may be used to drill 

the hole for the pile; then concrete 

is deposited through the stem as the 

auger is withdrawn. Load capacities 

for sitecast concrete piles range up to 

approximately 200 tons (1800 kN).

In a concrete pressure-injected 
footing or compaction grouted foot-
ing, a dry, stiff mixture of concrete 

or grout is compacted into a pre-

drilled hole. The compaction of 

the concrete or grout in place also 

densifies and strengthens the sur-

rounding soil. Rammed aggregate piers 
or stone columns are similar, but are 

constructed solely with crushed rock 

(Figure 2.51). Like soil mixing, these 

types of foundation elements are a 

form of ground improvement. When 

used for foundation work, arrays of 

such piers are installed to improve 

the structural properties of soil rela-

tively close to the ground surface. 

This permits shallow, less expensive 

foundations to be constructed above 

the improved soil, in place of the 

deeper and more expensive founda-

tion types that would otherwise be 

required. These pier types can also 

be used to reduce the risk of lique-

faction in soils prone to this behavior, 

for slope stabilization, and for other 

types of soil strengthening.

Seismic Base Isolation

In areas where very strong earth-

quakes are common, large build-

ings may be placed on base isolators. 
When significant ground movement 

occurs, the base isolators flex or yield 

to absorb a significant portion of this 

movement. As a result, movement 

of the building structure is lessened, 

and the magnitude of the forces act-

ing on the structure and the poten-

tial for damage are reduced. One 

type of base isolator consists of a 

multilayered sandwich of rubber and 

steel plates (Figure 2.52). When sub-

jected to lateral forces, yielding of the 

rubber layers allows the isolator to 

deform. A lead core provides damp-

ing action and keeps the layers of the 

sandwich aligned.
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Figure 2.52
Base isolation.

Underpinning

Underpinning is the strengthen-

ing and stabilizing of an existing 

foundation. It may be required 

where a foundation was improperly 

designed and has proved inadequate, 

when a change in use or increase in 

building size increases the loads on 

an existing foundation, or when new 

nearby construction disturbs the soil 

around an existing foundation and 

requires that the foundation be car-

ried deeper. Underpinning methods 

vary, but generally rely on one of 

three approaches: The existing foun-

dation elements may be enlarged to 

distribute loads over a greater soil 

area; new, deeper foundations can be 

inserted under existing ones to carry 

loads to a deeper, stronger stratum of 

soil; or the soil itself can be strength-

ened by grouting or chemical treat-

ment. Figures 2.53 and 2.54 illustrate 

in diagrammatic form some selected 

concepts of underpinning.

Up–Down Construction

Normally, the substructure of a 

building is completed before work 

begins on its superstructure. If the 

building has several levels of base-

ments, however, substructure work 

can take many months, or on very 

complex projects a year or more. In 

such a case, up–down construction may 

be an economical option, even if its 

first cost is somewhat more than that 

of the normal procedure, because it 

can save considerable construction 

time.

As diagrammed in Figure 2.55, 

up–down construction begins with 

installation of a perimeter slurry wall. 

Internal steel columns for the sub-

structure are lowered into drilled, 

slurry-filled holes, and concrete foot-

ings are tremied beneath them. After 

the ground-floor slab is in place and 

connected to the substructure col-

umns, erection of the superstructure 

may begin. Construction continues 

simultaneously on the substructure, 

largely by means of mining tech-

niques: A story of soil is excavated 

from beneath the ground-floor slab 

and a level mud slab of CLSM (see 

section on “Filling and Finish Grad-

ing” in this chapter) is poured. Work-

ing on the mud slab, workers rein-

force and pour a concrete structural 

slab for the floor of the topmost base-

ment level and connect this floor to 

the columns. When the slab is suffi-

ciently strong, another story of soil is 

removed from beneath it, along with 

the mud slab. The process is repeated 

until the substructure is complete, 

by which time the superstructure has 

simultaneously been built many sto-

ries into the air.
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A. ELEVATION SECTION SECTION

Jack

Needle beamNeedle beam

B. ELEVATION

Figure 2.53
Two methods of supporting a building while carrying out underpinning work beneath 
its foundation, each shown in both elevation and section. (A) Trenches are dug beneath 
the existing foundation at intervals, leaving the majority of the foundation supported 
by the soil. When portions of the new foundations have been completed in the trenches, 
using one of the types of underpinning shown in Figure 2.54, another set of trenches 
is dug between them and the remainder of the foundations is completed. (B) The 
foundations of an entire wall can be exposed at once by needling, in which the wall is 
supported temporarily on needle beams threaded through holes cut in the wall. After 
underpinning has been accomplished, the jacks and needle beams are removed and the 
trench is backfilled.

A. ELEVATION SECTION SECTION C. SECTIONB. ELEVATION

Figure 2.54
Three types of underpinning. (A) A new foundation wall and footing are constructed 
on either side of the existing foundation. (B) New piles or caissons are constructed on 
either side of the existing foundation. (C) Minipiles are inserted through the existing 
foundation. This may be accomplished without temporary support of the building and 
only minimal excavation.
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Figure 2.55
Up–down construction. (a) Preliminary slurry wall and 
column construction prior to excavation. (b) Construction 
proceeds both upward and downward simultaneously.

Steel columns placed
in slurry-filled shafts

Slurry wall around
perimeter

(a)

Protecting 
Foundations from 
Water, Heat Flow, 
and Radon Gas

Waterproofing and Drainage

Where building substructures enclose 

basements, parking garages, or other 

usable space, groundwater must be 

kept out. Concrete alone is rarely 

adequate for this purpose. Moisture 

can migrate through its microscopic 

pores, or through pathways created 

by shrinkage cracks, form tie holes 

(see Chapter 14), utility penetrations, 

or the joints that occur between sepa-

rate pours. Two basic approaches are 

used to resist water entry: drainage 

and waterproofing. Drainage draws 

groundwater away from a foundation, 

reducing the volume and pressure 

of water acting on the foundation’s 

walls and slabs. Waterproofing acts 

as a barrier to the passage of water 

through the foundation, preventing 

it from reaching the interior.
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drain piping is laid around the out-

side perimeter of the building foun-

dation. The pipes are 4 or 6 inches 

(100 or 150 mm) in diameter, with 

several parallel rows of perforations 

that allow the inflow of water that 

arrives at that level. Water in the 

pipes then flows by gravity either “to 

daylight” at a lower surface elevation 

other very open, porous material. 

It is faced on the outside with filter 
fabric that allows water to pass easily 

but prevents fine soil particles from 

entering and clogging its drainage 

passages. Subterranean water that 

approaches the wall falls through the 

mat to perforated drain piping near the 

bottom of the foundation wall. The 

Superstructure
erection up

Mining
excavation

down

(b)

Drainage typically consists of 

some combination of porous back-

fill material (such as a well sorted 

gravel), drainage mat, and perfo-

rated drain piping (Figure 2.56). 

Drainage mat is a manufactured 

sheet product, usually about ½ inch 

(12 mm) thick, made of a plastic 

egg-crate-like structure or some 
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Figure 2.57
For a high degree of security against substructure water entry, drainage both around and under the basement is required, as seen 
here in a section view. Above-slab drainage is used in buildings with mat foundations.

BELOW-SLAB DRAINAGE
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Slab
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Basement
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Figure 2.56
Two methods of relieving water pressure 
around a building substructure by 
drainage. A drainage system that relies 
solely on crushed stone or gravel placed 
against the foundation (left) is hard 
to do well, because of the difficulty 
of depositing the drainage aggregate 
and backfill soil in neatly separated, 
alternating layers. The drainage 
mat (right) is easier and often more 
economical to install.

on a sloping site, a municipal storm 

sewer system, or a sump pit that can 

be automatically pumped dry when-

ever it fills. The perforations in the 

pipes face downward so that as the 

water level in the soil rises, it enters 

the pipes at the lowest possible level. 

Where groundwater conditions are 

severe, rows of perforated pipe may 

be installed under the basement slab 

as well (Figure 2.57).

On many substructures, a bar-

rier of some kind is added to increase 

the level of protection against water 

entry. Dampproofing is a moisture-

resistant cement plaster or asphalt 

compound applied to basement walls 

where groundwater conditions are 

mild or waterproofing requirements 

are not critical. Cement plaster damp-
proofing, or parge coating, is light gray 

in color and is troweled on. Asphalt 
or bituminous dampproofing is almost 

black in color and is applied as a liq-

uid by spray, roller, or trowel.

Waterproofing, unlike dampproof-

ing, resists the passage of water even 

under the more demanding condi-

tions of hydrostatic pressure. It is 

more costly than dampproofing, and 

is used where groundwater condi-

tions are severe or the need to pro-

tect subgrade space from moisture is 

critical (Figure 2.58).

Waterproofing membranes are 

formulated from plastics, asphalt 

compounds, synthetic rubbers, and 

other materials. They come in a vari-

ety of forms and their selection is 

often made by consultants with spe-

cialized knowledge of these materials 

and their use. Some considerations in 

their selection include:

Liquid-applied membrane waterproofing 

materials are applied by spray or roller 

as viscous liquids and then allowed to 

cure in place. They are seamless and 

easy to form around intricate shapes. 

However, they may be subject to incon-

sistent application thickness or poor cur-

ing depending on ambient conditions.
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Figure 2.58
A diagrammatic representation of 
the placement of sheet membrane 
waterproofing around a basement. A 
mud slab of low-strength concrete was 
poured to serve as a base for placement 
of the horizontal membrane. Notice that 
the vertical and horizontal membranes 
join to wrap the basement completely in 
a waterproof enclosure. However, the 
section of membrane running between 
the bottom of the basement wall and 
the top of the footing may weaken the 
connection between these two elements, 
so this detail should be reviewed by 
the structural engineer to verify its 
compatibility with foundation design 
requirements.
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•	 Sheet membrane waterproofing	materi-
als	 are	 manufactured	 in	 the	 factory.	
They	 are	 more	 consistent	 in	 mate-
rial	quality	and	thickness	than	liquid-
applied	 membranes.	 However,	 they	
are	 more	 difficult	 to	 apply	 around	
complex	shapes	and	careful	attention	
must	be	given	to	sealing	the	seams	be-
tween	sheets,	which	is	often	the	most	
vulnerable	point	in	these	systems.

Some	 sheet	 membrane	 materials	
are	 fully	 adhered	 to	 the	 foundation	
wall	 and	 others	 are	 allowed	 to	 lie	
loosely	 against	 it.	 Loosely	 laid	 sheet	
membranes	 are	 less	 vulnerable	 to	
tearing	 in	 the	 case	 of	movement	 or	
cracking	 in	 the	underlying	wall.	But	
leaks	 in	 loosely	 laid	membranes	 can	
permit	moisture	 to	 travel	 under	 the	
membrane,	 to	 appear	 inside	 a	 sub-

structure	far	from	where	the	defect	in	
the	outer	membrane	occurs,	making	
repairs	more	difficult.	Fully	adhered	
sheet	membranes	 (as	 well	 as	 liquid-
applied	 membranes)	 confine	 leaks	
close	to	where	the	defect	in	the	mem-
brane	occurs.	But	they	are	also	poten-
tially	 more	 vulnerable	 to	 stress	 and	
tearing	when	cracking	or	movement	
occurs	in	the	wall.
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Figure 2.59
Waterproofing in progress on a 
concrete foundation. Leftmost: The 
bare foundation wall remains exposed. 
Middle: Bentonite panels are fastened 
in place. These panels are lined on 
the outer face with a black-colored, 
high-density plastic that adds to the 
waterproofing qualities of the panel. 
Right: Drainage mat has been installed 
over the waterproofing. The mat’s outer 
face of filter fabric is lightly dimpled, 
telegraphing the egg-crate structure of 
the underlying molded plastic panel. The 
top edge of the mat is secured in place 
with an aluminum termination bar that 
holds the mat in place and keeps dirt and 
debris from falling behind it. Lower right: 
White, plastic perforated drain piping 
can be seen, temporarily supported on 
wood blocking and running alongside the 
footing. (Photos by Joseph Iano.)

Bentonite waterproofing is made from 

sodium bentonite, a naturally occur-

ring, highly expansive clay. It is most 

often applied as preformed sheets 

consisting of dry clay sandwiched with-

in corrugated cardboard, geotextile 

fabric, or plastic sheets (Figure 2.59). 

When the bentonite is contacted by 

moisture, it swells to several times its dry 

volume and forms a barrier that is im-

pervious to the further passage of water.

Integral waterproofing describes a 

variety of ingredients added directly 

into concrete when it is mixed. These 

materials stop up the pores in the 

cured concrete and render the wall 

more watertight.

Electro-osmotic waterproofing relies on 

electrical current flow induced into 

the concrete wall to drive water mole-

cules toward the outer face of the wall. 

It is most commonly used to remedi-

ate leakage in existing foundations 

where more conventional waterproof-

ing methods are impractical or overly 

expensive.

Blind-side waterproofing is installed 

prior to the pouring of concrete walls. 

This occurs most commonly when 

a substructure wall is built close to a 

property’s edge, and excavation can-

not be enlarged beyond the property 

line to permit workers access to the 

outer face of the wall after its comple-

tion. Drainage matting is first applied 

directly to the excavation sheeting, 

and then any of a number of possible 

waterproofing membrane types are 

applied over the drainage mat. Later, 

the concrete wall is poured against the 

membrane. The sheeting remains per-

manently in place (Figure 2.60).
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Figure 2.60
Blind-side waterproofing is used where there is no working space between a sheeted excavation and the outside of the foundation 
wall. The drainage mat and waterproof membrane are applied to the sheeting. Then the basement wall is poured against them.

Waterproof membrane

Drainage blanket

Plastic drain line
(perforated)

Mat slab

Protection
slab

Mud slab

Waterproof
membrane

Crushed stone

Filter fabric

Joints in foundation construc-

tion, such as those occurring between 

separate concrete pours, require 

attention to ensure watertightness 

as well. Preformed waterstops made 

of plastic, synthetic rubber, metal, or 

materials that swell when they come 

in contact with water can be cast into 

the mating concrete edges to block 

the passage of water through these 

vulnerable locations (Figures 2.61, 

2.62, and 2.63).

Most waterproofing systems 

are inaccessible once building con-

struction is complete, and they are 

expected to perform for the life of 

the building. However, even small 

defects can allow the passage of sig-

nificant amounts of water. For these 

reasons, waterproofing membranes 

are inspected carefully during instal-

lation. Horizontal membranes may 

also be flood tested (submerged for an 

extended period of time while leak-

checking is performed) to find any 

defects while repairs can still be eas-

ily made. Once inspection and testing 

are complete, membranes are cov-

ered with a protection board, insulation 

board, or drainage matting to shield 

the membrane from prolonged expo-

sure to sunlight and to prevent physi-

cal damage during soil backfilling or 

subsequent construction operations.

Basement Insulation

Occupant comfort and energy effi-

ciency require that occupied base-

ments be thermally insulated to limit 

their loss of heat to the surrounding 

soil. On the inside of the basement 
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SECOND POUR FIRST POUR

Figure 2.61
A synthetic rubber waterstop is used to 
seal against water penetration at joints in 
concrete construction. The type shown 
here is split on one side so that its halves 
can be placed flat against the formwork 
where another wall will join the one being 
poured. After the concrete has been 
poured and cured and the formwork has 
been removed from the first wall, the split 
halves are folded back together before 
the next wall is poured. (This type of 
waterstop can be used for both movement 
and nonmovement joints in the wall.)

Figure 2.62
A synthetic rubber waterstop ready for the next pour of a concrete wall, as diagrammed 
in Figure 2.60. (Courtesy of Vulcan Metal Products, Inc., Birmingham, Alabama.)

Figure 2.63
A swelling bentonite waterstop is 

adhered to a concrete footing prior to 
casting of the concrete wall above. Later, 

if groundwater seeps into this area, the 
bentonite will swell to fully seal the joint. 

The waterstop is positioned to the side 
of the steel reinforcing bars closer to 
the wall’s exterior, also protecting the 

reinforcing from moisture and corrosion. 
However, because of bentonite’s 

expansive force, the waterstop must not 
be positioned too close to the surface 
of the wall, or it could cause portions 

of concrete to split away when it swells. 
(Photo by Joseph Iano.)
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that presses against it from the uphill 

side. Retaining walls may be made of 

masonry, preservative-treated wood, 

coated steel, precast concrete, or, 

most commonly, sitecast concrete.

The design of a retaining wall must 

take into account the height of the 

wall, the pressures acting on the wall, 

and the character of the soil on which 

the wall will rest. If inadequately struc-

tured, failure can occur by overturning, 

sliding, or undermining (Figure 2.64).

For small retaining walls, unre-

inforced construction methods are 

used that rely on the mass of the wall, 

interlocking units, or other simple 

techniques to develop adequate resis-

tance to soil pressures (Figures 2.65 

and 2.66). For taller walls or ones sub-

ject to greater loads, more complex, 

reinforced solutions are required 

(Figure 2.67).

An alternative to a conventional 

retaining wall is earth reinforcing (Fig-

ure 2.68). Soil is compacted in layers, 

each sandwiched between strips or 

meshes of galvanized steel, polymer 

fibers, or glass fibers, which stabilize 

the soil in much the same manner 

as the roots of plants. Gabions are 

another form of earth retention in 

which corrosion-resistant wire baskets 

are filled with cobble- or boulder-

sized rocks and then stacked to form 

retaining walls and slope protection. 

Soil mixing, as discussed earlier in this 

chapter, and a variety of grout injec-

tion techniques can also be used to 

strengthen and stabilize underground 

soils without requiring excavation.

These passive methods work to 

minimize pathways for radon gas to 

enter the building through its foun-

dation and provide a ready path to 

vent such gas directly to the exterior. 

They are most frequently applied to 

residential and school buildings in 

areas of known high radon gas risk. 

Because many of the necessary com-

ponents for passive radon control are 

frequently included for the purposes 

of waterproofing and drainage, the 

added cost to provide passive radon 

control at the time of construction is 

usually small.

If, at some time after comple-

tion of the building, passive protec-

tion proves inadequate to control gas 

entry into the structure, active sub-
slab depressurization can be added by 

installing a small electric fan in the 

vertical vent pipe(s). This fan con-

tinuously draws air from underneath 

the gas-impermeable membrane. By 

reducing the air pressure in the gas-

permeable layer, radon gas is more 

effectively extracted from the soil 

beneath the structure and the risk of 

gas entry into the building is further 

reduced.

Sitework

Retaining Walls

A retaining wall holds back soil where 

an abrupt change in ground elevation 

occurs. The wall must resist the pres-

sure of the earth and groundwater 

wall, insulation may be attached 

directly to the wall, installed between 

furring strips as shown in Figure 23.3, 

or installed in a separately framed 

wall built close to the inside of the 

wall. On the outside of the wall, water-

resistant materials with good com-

pressive strength, such as extruded 

polystyrene foam or glass or mineral 

fiber insulation boards, typically 2 to 4 

inches (50 to 100 mm) thick, may be 

placed against the wall, held by adhe-

sive, fasteners, or the pressure of the 

soil (Figure 5.8). Insulation may also 

be integrated into the foundation wall 

itself, such as with insulated concrete 

forms (Figure 14.13) or within the 

hollow cores of a concrete masonry 

unit wall (Figures 10.16, 10.17).

Radon Gas Control

Radon is a cancer-causing gas that 

occurs naturally within soils in concen-

trations that vary by region and local-

ity. Where soil emissions are high, gas 

seeping through cracks and unsealed 

penetrations in the foundation can 

reach unhealthful concentration lev-

els within the building, endangering 

the well-being of occupants.

Where the radon gas risk is high, 

buildings are constructed with passive 
radon control methods designed to 

minimize gas infiltration into the 

building. For a typical basement with 

concrete slab on grade, these include:

A layer of gravel or other gas-per-

meable material beneath the concrete 

slab

Over the gravel layer, beneath the 

concrete slab, a gas-impermeable plas-

tic sheet or membrane

After the pouring of the concrete 

foundation walls and slab on grade, 

sealing of all joints, penetrations, and 

cracks in these components

Coating of the outside of basement 

walls with dampproofing or water-

proofing

A vent pipe extending vertically 

from the gas-permeable gravel layer 

through the roof of the building.

OVERTURNING

Water table

SLIDING UNDERMINING

Figure 2.64
Three failure mechanisms in retaining walls. The high water table shown in these 
illustrations creates pressure against the walls that contributes to their failure. The 
undermining failure is directly attributable to groundwater running beneath the base of 
the wall, carrying soil with it.
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Figure 2.66
A segmental retaining wall consisting of 
specially made concrete blocks designed 
to interlock and prevent sliding. The wall 
leans back against the soil it retains; this 
reduces the amount of soil the wall must 
retain and makes it more stable against 
the lateral push of the soil. (Photo courtesy 
of VERSA-LOK Retaining Wall Systems.)

STONE GRAVITY WALL VERTICAL TIMBER
CANTILEVERED WALL

HORIZONTAL TIMBER
WALL WITH DEADMEN

Figure 2.65
Three types of simple retaining walls, usually used for heights not exceeding 3 feet 
(900 mm). The deadmen in the horizontal timber wall are timbers embedded in the 
soil behind the wall and connected to it with timbers inserted into the wall at right 
angles. The timbers, which should be pressure treated with a wood preservative, are 
held together with very large spikes or with steel reinforcing bars driven into drilled 
holes. The crushed-stone drainage trench behind each wall is important as a means of 
relieving water pressure against the wall to prevent wall failure. With proper engineering 
design, any of these types of construction can also be used for taller retaining walls.



Sitework / 75

Crushed stone
drainage layer

Weep holes

REINFORCED
CONCRETE

Key to prevent
sliding

REINFORCED
CONCRETE
MASONRY

Perforated
drainage pipe

Figure 2.67
Cantilevered retaining walls of concrete 
and concrete masonry. The footing is 
shaped to resist sliding and overturning, 
and drainage behind the wall reduces the 
likelihood of undermining. The pattern 
of steel reinforcing (broken lines) is 
designed to resist the tensile forces in 
the wall.

Figure 2.68
Two examples of earth reinforcing. 
The embankment in the top section was 
placed by alternating thin layers of earth 
with layers of synthetic mesh fabric. 
The retaining wall in the lower section 
is made of precast concrete panels 
fastened to long galvanized steel straps 
that run back into the soil.
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Geotextiles are fabrics made of chemically inert plastics that 

are resistant to deterioration in the soil. They are used 

for a variety of purposes relating to site development and 

foundation construction. As described in the accompa-

nying text, plastic mesh fabrics or grids are used as earth 
reinforcement or soil reinforcement to support earth embank-

ments and retaining walls. The same type of mesh may 

be utilized in layers to stabilize engineered fill beneath 

a shallow footing (see the accompanying figure), or to 

stabilize marginal soils under driveways, roads, or airport 

runways, acting very much as the roots of plants do to pre-

vent the movement of soil particles.

Another geotextile discussed elsewhere in this chap-

ter is drainage matting, an open matrix of plastic filaments 

with a feltlike filter fabric laminated onto one side to keep 

soil particles from entering the matrix. In addition to pro-

viding free drainage around foundation walls, drainage 

matting is often used beneath the soil in the bottoms of 

planter boxes and under heavy paving tiles on rooftop 

terraces, where it maintains free passage for the drainage 

of water above a waterproof membrane.

Synthetic filter fabrics are wrapped over and around 

subterranean crushed stone drainage layers such as 

the one frequently used around a foundation drain. In 

this position, they keep the stone and pipe from gradu-

ally becoming clogged with fine soil particles carried by 

groundwater. Similar fabrics are used at grade during con-

struction, acting as temporary barriers to filter soil out of 

water that runs off a construction site, thereby preventing 

contamination of lakes, streams, or stormwater systems.

Special geotextiles are staked down on freshly cut 

slopes to prevent soil erosion and encourage revegeta-

tion; some of these are designed to decay and disappear 

into the soil as plants take over the function of slope sta-

bilization. Another type of geotextile is used for weed 

control in landscaped beds, where it allows rainwater to 

penetrate the soil but blocks sunlight, preventing weeds 

from sprouting.

GEOTEXTILES

Column

Footing

Soil reinforcing grids
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more expensive efforts will be needed 

to dewater the site, strengthen excava-

tion support systems, waterproof the 

foundation, and protect the finished 

foundation against permanent hydro-

static pressures.

Building close to an existing structure. 
If the excavation can be kept well away 

from adjacent structures, the founda-

tions of these structures will remain 

undisturbed and no effort or special 

expense will be required to protect 

them. When digging close to an ex-

isting structure, and especially when 

digging deeper than that structure’s 

foundations, temporary bracing or 

permanent underpinning may be re-

quired to prevent disturbance.

Increasing the column or wall load from 
a building beyond what can be supported by 
a shallow foundation. Shallow founda-

tions are far less expensive than piles 

or caissons under most conditions. 

If the building grows too high, or is 

structured so that individual column 

loads are too high, a shallow founda-

tion may no longer be able to carry 

the load and a more expensive, deep 

foundation system may be required.

For one- and two-family dwell-

ings, foundation design is usually 

much simpler than for larger build-

ings, because foundation loadings 

are low. The uncertainties in foun-

dation design can be reduced with 

reasonable economy by adopting 

a large factor of safety in calculat-

ing the bearing capacity of the soil. 

Unless the designer has reason to 

suspect poor soil conditions, the 

footings are usually designed using 

rule-of-thumb allowable soil stresses 

and standardized footing dimen-

sions. The designer then examines 

the actual soil when the excavations 

have been made. If it is not of the 

quality that was expected, the foot-

ings can be hastily redesigned using a 

revised estimate of soil-bearing capac-

ity before construction continues. If 

unexpected groundwater is encoun-

tered, better drainage may have to be 

provided around the foundation or 

the depth of the basement decreased. 

and/or fly ash (a byproduct of coal-

burning power plants), sand, and 

water. CLSM, sometimes called “flow-

able fill,” is delivered in concrete 

mixer trucks and poured into the 

excavation, where it compacts and 

levels itself, then hardens. CLSM 

may be used to pour mud slabs, which 

are weak concrete slabs used to cre-

ate temporary, level, dry bases over 

irregular, often wet excavations. Such 

a temporary slab can serve as a work-

ing surface for the installation of 

reinforcing and pouring of a foun-

dation mat or basement floor slab. It 

can also serve as a surface to which a 

waterproofing membrane is applied. 

CLSM may be used to replace pock-

ets of unstable soil encountered 

beneath a substructure or to backfill 

around basement walls. The strength 

of CLSM is matched to the situation. 

For example, for a utility trench, 

CLSM is formulated so that it is weak 

enough to be excavated easily by 

ordinary digging equipment when 

the pipe requires servicing, yet is as 

strong as a normal, good-quality com-

pacted backfill.

Finish grading refers to the final 

leveling and smoothing of soil sur-

faces to their required contours and 

elevations. Where plant materials are 

planned, finish grading includes the 

application of nutrient-rich, organic 

topsoil to depths suitable for support-

ing the growth of the types of grass, 

plants, shrubs, or trees that have been 

specified by the landscape architect.

Designing 
Foundations

In foundation design, there are 

thresholds that, when crossed, cause 

significant, sudden increases in con-

struction costs:

Building below the water table. If the 

substructure and foundations of a 

building are above the water table, 

minimal effort will be required to keep 

the excavation dry during construc-

tion. Once the water table is reached, 

Filling and Finish Grading

Filling refers broadly to any placing of 

earth material (for example, to raise 

an existing grade), whereas backfilling 
refers more specifically to the replace-

ment of soil materials in an excava-

tion to restore it close to its finished 

level. Backfilling occurs around foun-

dations and substructures, in utility 

trenches, and behind retaining walls.

For any type of filling, an appropri-

ate type of replacement soil is added in 

layers, or lifts, which may range from 4 

inches to roughly a foot (100 to 300 

mm) in depth. Each lift is compacted 

before the next is added. Compaction 

may be performed by heavy rolling, 

vibrating, or ramming, depending on 

soil type and depth of lift. Small, walk-

behind machines are used in confined 

areas, and bigger, driven machinery is 

used over larger areas.

To achieve optimal compaction 

and minimize future settlement, fill 

material must be moist enough to 

readily compress into a dense par-

ticle arrangement, but not so wet 

as to become unstable or soupy. 

Where backfill material will support 

slabs, pavements, or foundations, its 

strength and settlement properties 

are critical, and the soil materials, 

moisture content, and compaction 

work are all monitored by on-site 

engineers to ensure that the required 

performance will be achieved.

Around foundations, water-

proofing, insulation, and drainage 

components must be in place before 

backfilling can begin. In addition, 

sufficient internal structure must be 

constructed to provide bracing for 

the foundation wall, so that the wall 

can resist the lateral loading from the 

backfilled soil. For example, in resi-

dential construction, the first-floor 

platform must completed before 

foundation backfilling occurs, as this 

floor structure acts to laterally brace 

the top of the foundation wall (Fig-

ure 5.7).

Controlled low-strength material 
(CLSM) is a manufactured fill mate-

rial made from portland cement 
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CSI/CSC MasterFormat Sections for Earthwork, 
Foundations, Waterproofing, and Site Improvements

02 20 00 SUBSURFACE INVESTIGATION

02 32 13 Subsurface Drilling and Sampling

07 10 00 DAMPPROOFING AND WATERPROOFING

07 11 00 Dampproofing

07 13 00 Sheet Waterproofing

07 14 00 Fluid-Applied Waterproofing

07 16 00 Cementitious and Reactive Waterproofing

07 17 00 Bentonite Waterproofing

31 10 00 SITE CLEARING

31 20 00 EARTH MOVING

31 22 00 Grading

31 23 00 Excavation and Fill

31 23 19 Dewatering

31 32 00 EARTHWORK METHODS

31 33 00 Rock Stabilization

31 34 00 Soil Reinforcement

31 40 00 SHORING AND UNDERPINNING

31 50 00 EXCAVATION SUPPORT AND PROTECTION

31 60 00 SPECIAL FOUNDATIONS AND LOAD-BEARING 
ELEMENTS

31 62 00 Driven Piles

31 63 00 Bored Piles

31 64 00 Caissons

31 66 13.13 Rammed Aggregate Piers

31 66 15 Helical Foundation Piles

32 30 00 SITE IMPROVEMENTS

32 32 00 Retaining walls

KEY TERMS

foundation

dead load

live load

rain load

snow load

wind load

seismic load

lateral soil pressure load

buoyant uplift

flood load

horizontal thrust

settlement

uniform settlement

differential settlement

earth material

consolidated rock

bedrock

soil

boulder

cobble

gravel

sand

coarse-grained soil

silt

clay

fine-grained soil

organic soil

shear strength

frictional soil, cohesionless soil

soil pore

soil liquefaction

soil fabric

cohesive soil

In contrast, as discussed throughout 

this chapter, foundation design for 

larger buildings may require extensive 

investigation, analysis, design, and site 

supervision during construction.

Foundation Design 
and the Building 
Code

Because of the public safety consid-

erations involved, building codes 

contain numerous provisions relat-

ing to the design and construction 

of excavations and foundations. The 

IBC defines which soil types are con-

sidered satisfactory for bearing the 

weight of buildings and establishes 

a set of requirements for subsurface 

exploration, soil testing, and submis-

sion of soil reports to the local build-

ing inspector. It goes on to specify the 

methods of engineering design that 

may be used for the foundations. It 

sets forth maximum loadbearing val-

ues for soils that may be assumed in 

the absence of detailed test proce-

dures (refer back to Figure 2.6). It 

establishes minimum dimensions for 

footings, caissons, piles, and founda-

tion walls and contains lengthy dis-

cussions relating to the installation of 

piles and caissons and the drainage 

and waterproofing of substructures. 

The IBC also requires engineering 

design of retaining walls. In all, the 

building code attempts to ensure that 

every building will rest upon secure 

foundations and a dry substructure.
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plastic soil

liquid limit

expansive soil

gradation

well graded soil

poorly graded soil

uniformly graded soil

gap graded soil

sorting

poorly sorted soil

well sorted soil

allowable foundation pressure

allowable soil pressure

consolidation

imported soil

native soil

general purpose fill

drainage fill

test pit

water table

test boring

penetration sampler

load test

sieve

plastic limit

geotechnical report

brownfield site

earthwork

grubbing and clearing

excavation

benched excavation

maximum allowable slope, angle of 

repose

excavation support

shoring

H-pile

soldier beam

lagging

sheet piling, sheeting

pneumatically applied concrete, 

shotcrete

soil mixing

ground improvement, earth 

improvement

slurry wall

clamshell bucket

slurry

tremie

crosslot bracing

waler

raker

tieback

rock anchor

soil nailing

dewatering

sump

well point

watertight barrier wall

soil freezing

superstructure

substructure

shallow foundation

deep foundation

spread footing

column footing

wall footing, strip footing

engineered fill

frost line

ice lens

slab on grade

crawlspace

basement

tie beam

combined footing

cantilever footing

shallow frost-protected foundation

mat foundation, raft foundation

floating foundation, compensated 

foundation

caisson, drilled pier

belling

auger drill

belling bucket

belled caisson

socketed caisson

pile

end bearing pile

friction pile

pile cap

driven to refusal

grade beam

pile hammer

piledriver lead

piledriver

timber pile

heaving

pipe pile

minipile, pin pile, micropile

helical pile, screw pile

precast concrete pile

sitecast concrete pile

pressure-injected footing

compaction grouted footing

rammed aggregate pier, stone column

base isolator

underpinning

up–down construction

drainage

drainage mat

filter fabric

perforated drain piping

dampproofing

cement plaster dampproofing, parge 

coating

asphalt dampproofing, bituminous 

dampproofing

waterproofing

liquid-applied membrane  

waterproofing

sheet membrane waterproofing

bentonite waterproofing

integral waterproofing

electro-osmotic waterproofing

blind-side waterproofing

waterstop

flood test

protection board

radon (gas)

passive radon control

active subslab depressurization

retaining wall

earth reinforcing

gabion

geotextile

earth reinforcement, soil reinforcement

filling

backfilling

soil lift

controlled low-strength material (CLSM)

mud slab

finish grading

REVIEW QUESTIONS

1. What is the nature of the most com-

mon type of foundation failure? What are 

its causes?

2. Explain the differences among sand, 

silt, and clay, both in their physical char-

acteristics and their behavior in relation 

to building foundations.

3. Explain the difference between a cohe-

sionless soil and a cohesive soil. Give one 

example of each soil type.

4. Explain the difference between well 

graded and poorly graded soil. How does 

their behavior differ?

5. What is a test soil boring and why is it 

performed?

6. What is excavation sheeting used for? 

List three different types of excavation 

sheeting.
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7. Under what conditions would you use 

a watertight barrier instead of well points 

when digging below the water table?

8. In cold climates, how does the frost line 

affect the placement of shallow footings? 

What footing type is an exception to this 

general principle?

9. What conditions might lead to the 

choice of a mat foundation for a build-

ing?

10. If shallow foundations are substantial-

ly less costly than deep foundations, why 

do we use deep foundations?

11. What soil conditions favor piles over 

caissons? What type of pile is especially 

well suited to repair or improvement of 

existing foundations and why?

12. List and explain some cost thresholds 

frequently encountered in foundation 

design.

13. Explain the difference between water-

proofing and dampproofing. When is one 

or the other an appropriate choice for 

protecting a foundation from moisture?

14. List two types of waterproofing and 

describe one possible advantage of each.

15. List the components of a typical foun-

dation drainage system and their func-

tions.

16. What is filling? Why is fill placed in 

lifts?

fully the arrangements made for excava-

tion support and dewatering. How is the 

soil being loosened and carried away? 

What is being done with the excavated 

soil? What type of foundation is being in-

stalled? What provisions are being made 

to keep the substructure permanently 

dry?

the foundation drawings. What type was 

actually used? Can you explain why?

2. What types of foundation and substruc-

ture are normally used for houses in your 

area? Why?

3. Look at several excavations for major 

buildings under construction. Note care-

EXERCISES

1. Obtain the foundation drawings and 

soils report for a nearby building. Look 

first at the log of test borings. What sorts 

of soils were found beneath the site? How 

deep is the water table? What types of 

foundations do you think might be suit-

able for use in this situation? Now look at 
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WEB SITES

Foundations
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Earth Retention and Deep Foundations
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Waterproofing
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A logger fells a large Douglas fir. (Weyerhaeuser Company photo.)
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Trees

Wood comes from trees and is pro-

duced through natural growth pro-

cesses. Understanding tree physiology 

is essential to knowing how to build 

with wood.

Tree Growth

The trunk of a tree is covered with 

a protective layer of dead bark (Fig-

ure  3.1). Inside the dead bark is a 

layer of living bark composed of hol-

low longitudinal cells that conduct 

nutrients downward from the leaves 

to the roots and other living parts 

of the tree. Inside this layer of living 

bark lies a very thin layer, the cam-
bium, which creates new bark cells 

toward the outside of the trunk and 

new wood cells toward the inside. 

The thick layer of living wood cells 

inside the cambium is the sapwood.
In this zone of the tree, nutrients are 

stored and sap is pumped upward 

from the roots to the leaves and dis-

tributed laterally in the trunk. At the 

inner edge of this zone, sapwood dies 

progressively and becomes heartwood.
In many species of trees, heartwood is 

easily distinguished from sapwood by 

its darker color. Heartwood no longer 

participates in the life processes of 

the tree but continues to contribute 

to its structural strength. At the very 

center of the trunk, surrounded by 

heartwood, is the pith of the tree, a 

small zone of weak wood cells that 

were the first year’s growth.

An examination of a small sec-

tion of wood under a low-powered 

microscope shows that it consists 

primarily of tubular cells whose long 

axes are parallel to the long axis of 

the trunk. The cells are structured 

of tough cellulose and are bound 

together by a softer cementing 

substance called lignin. The direc-

tion of the long axes of the cells is 

referred to as the grain of the wood. 

Grain direction is important to 

the designer of wooden buildings 

because the appearance and physi-

cal properties of wood parallel to 

grain and perpendicular to grain 

are very different.

In temperate climates, the cam-

bium begins to manufacture new sap-

wood cells in the spring, when the air 

is cool and groundwater is plentiful, 

conditions that favor rapid growth. 

Growth is slower during the heat of 

the summer, when water is scarce. 

Springwood or earlywood cells are there-

fore larger and less dense in sub-

stance than summerwood or latewood
cells. Concentric bands of spring-

wood and summerwood make up the 

annual growth rings in a trunk that 

can be counted to determine the age 

of a tree. The relative proportions of 

springwood and summerwood have 

a direct bearing on the structural 

properties of the wood a given tree 

will yield, because summerwood is 

stronger and stiffer than springwood. 

A tree grown under continuously 

moist, cool conditions grows faster 

than another tree of the same species 

grown under warmer, drier condi-

tions, but its wood is not as dense or 

as strong.

Softwoods and Hardwoods

Softwoods come from coniferous 

trees and hardwoods from broad-

leafed trees. Most softwoods are 

cone-bearing, with needle-like leaves 

Wood is perhaps the best loved of all the materials that we use 
for building. It delights the eye with its endlessly varied colors 
and grain patterns. It invites the hand to feel its subtle warmth 
and varied textures. When it is fresh from the saw, its fragrance 
enchants. We treasure its natural, organic qualities and take 
pleasure in its genuineness. Even as it ages, bleached by the sun, 
eroded by rain, worn by the passage of feet and the rubbing of 
hands, we find beauty in its transformations of color and texture.

Wood earns our respect as well as our love. It is strong and 
stiff, yet by far the least dense of the materials used for the 
beams and columns of buildings. It is worked and fastened 
easily with small, simple, relatively inexpensive tools. It is readily 
recycled from demolished buildings for use in new ones, and 
when finally discarded, it biodegrades rapidly to become natural 
soil. It is our only renewable building material—one that will be 
available to us for as long as we manage our forests with an eye to 
the perpetual production of wood.

But wood, like a valued friend, has its idiosyncrasies. A 
piece of lumber is never perfectly straight or true, and its size 
and shape can change significantly with changes in the weather. 
Wood is peppered with defects that are relics of its growth 
and processing. Wood can split; wood can warp; wood can give 
splinters. If ignited, wood burns. If left in a damp location, it 
decays and harbors destructive insects. The skillful designer 
and the seasoned carpenter, however, know all these things and 
understand how to build with wood to bring out its best qualities, 
while neutralizing or minimizing its problems.
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that remain on the trees during the 

colder winter months. Most hard-

woods drop their leaves seasonally. 

Also, as the names imply, softwoods 

are usually less dense and softer 

than hardwoods. But there are 

exceptions. The softwoods Doug-

las fir and longleaf pine, for exam-

ple, are at least as dense as some 

hardwoods.

Nevertheless, the distinction 

between these two types of woods 

remains useful. Softwood trees have 

a relatively simple microstructure, 

consisting mainly of large longitu-

dinal cells (tracheids) together with 

a small percentage of radial cells 

(rays). The tracheids provide long-

distance transport of sap within 

the tree and account for most of 

the tree’s structural strength. Rays 

provide for the storage and radial 

transfer of nutrients (Figure 3.2). 

Hardwood trees are more complex 

in structure, with a larger percent-

age of rays and two different types 

of longitudinal cells: small-diameter 

fibers and large-diameter vessels or 

pores (Figure 3.3).

When cut into lumber, softwoods 

generally have a relatively coarse 

and plain grain structure or grain fig-
ure, whereas many hardwoods show 

finer, more attractive patterns (Fig-

ure 3.4). Most of the lumber used 

today for the building structural 

frame comes from softwoods, which 

are comparatively plentiful and 

inexpensive. For furniture, cabine-

try, interior paneling, flooring, and 

other fine woodwork, hardwoods 

(and some of the denser softwoods) 

are often chosen for their better 

stability, attractiveness, finishabil-

ity, and resistance to wear. Some of 

the softwood and hardwood species 

most widely used in North America 

are listed in Figure  3.5, along with 

their principal uses. However, it 

should be borne in mind that thou-

sands of species of wood are used in 

construction around the world and 

that available species vary consider-

ably with geographic location. In 

Figure 3.1
Summerwood rings are prominent and a few rays are faintly visible in this cross 
section of an evergreen tree. But the cambium, which lies just beneath the thick layer 
of bark, is too thin to be seen, and heartwood cannot be distinguished visually from 
sapwood in this species. (Courtesy of Forest Products Laboratory, Forest Service, USDA.)


