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Preface

last seventy years. Intensive research and observation in the field and the labo-

ratory have refined and improved the science of foundation design. Originally
published in the fall of 1983, Principles of Foundation Engineering is now in the
ninth edition. It is intended primarily for use by undergraduate civil engineering stu-
dents. The use of this text throughout the world has increased greatly over the years.
It has also been translated into several languages. New and improved materials that
have been published in various geotechnical engineering journals and conference
proceedings, consistent with the level of understanding of the intended users, have
been incorporated into each edition of the text.

S oil mechanics and foundation engineering have developed rapidly during the

NEW TO THIS EDITION

Based on the increased developments in the field of geotechnical engineering, the
authors have added three new chapters to this edition. The ninth edition of Principles
of Foundation Engineering contains a total of 19 chapters. Listed here is a summary
of the major revisions from the eighth edition and new additions to this edition.

*  Numerous new photographs in full color have been included in various chap-
ters as needed.

e The Introduction Chapter (Chapter 1) has been entirely revised and expanded
with sections on geotechnical engineering, foundation engineering, soil explo-
ration, ground improvement, solution methods, numerical modeling, empiri-
cism, and literature.

*  Chapter 2 on Geotechnical Properties of Soil includes new sections on the
range of coefficient of consolidation and selection of shear strength parameters
for design. All of the end-of-chapter problems are new.

e Chapter 3 on Natural Soil Deposits and Subsoil Exploration has an im-
proved figure on soil behavior type chart based on cone penetration test.
Approximately half of the end-of-chapter problems are new.

*  Chapter 4 on Instrumentation and Monitoring in Geotechnical Engineering
is a new chapter that describes the use of instruments in geotechnical projects,
such as piezometer, earth pressure cell, load cell, inclinometer, settlement
plate, strain gauge, and others.

*  Soil Improvement (Chapter 5) has some details on typical compaction re-
quirements as well as improved figures in the section of precompression. About
half of the problems at the end of the chapter are new.

e Chapter 6 on Shallow Foundations: Ultimate Bearing Capacity has new
sections on a simple approach for bearing capacity with two-way eccentricities,
and plane strain correction of friction angle.

e Chapter 7 on Ultimate Bearing Capacity on Shallow Foundation: Special
Cases has a section on ultimate bearing capacity of a wedge-shaped founda-
tion. About half of the end-of-chapter problems are new.

*  Chapter 8 on Vertical Stress Increase in Soil has a new section on stress
below a horizontal strip load of finite width and infinite length. The majority of
the end-of-chapter problems are new.

Xv
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e In Chapter 9 on Settlement of Shallow Foundations, Section 9.3 on settle-
ment based on the theory of elasticity has been thoroughly revised with the
addition of the results of the studies of Poulos and Davis (1974) and Giroud
(1968). In Section 9.6, which discusses the topic of settlement of foundation
on sand based on standard penetration resistance, Terzaghi and Peck’s method
(1967) has been added. Elastic settlement considering soil stiffness variation
with stress level is given in a new section (Section 9.7). Other additions include
settlement estimation using the L, — L, method (Section 9.9) (Akbas and
Kulhawy, 2009) and Shahriar et al.’s (2014) method to estimate elastic settlement
in granular soil due to the rise of ground water table (Section 9.10). The section
on tolerable settlement of buildings has been fully revised. More than half of the
end-of-chapter problems are new.

e In Chapter 10 on Mat Foundations, the reinforcement design portion for the
mats was removed to concentrate more on the geotechnical portion. All end-of-
chapter problems are new.

e Chapter 11 on Load and Resistance Factor Design (LRFD) is a new chapter.
It provides the design philosophies of the allowable stress design (ASD) and
load and resistance factor design in a simple way.

e Chapter 12 on Pile Foundations has a new section defining point bearing and
friction piles (Section 12.5). Section 12.5 on installation of piles has been thor-
oughly revised. Factor of safety for axially loaded piles suggested by USACE
(1991) has been incorporated in Section 12.8 on equations for estimating pile
capacity. The analysis by Poulos and Davis (1974) for estimation of elastic
settlement of piles has been included in Section 9.17. About half of the end-of-
chapter problems are new.

e In Chapter 13 on Drilled Shaft Foundations, several figures have been im-
proved to aid in better interpolation for solving problems. More than half of the
end-of-chapter problems are new.

*  Chapter 14 on Piled Rafts—An Overview is a new chapter. It describes
optimizations of the advantages of pile foundations and raft foundations for
construction of very tall buildings.

e In Chapter 15 on Foundations on Difficult Soil, all but two of end-of-chapter
problems are new.

e Chapter 16 on Lateral Earth Pressure has two new sections on (a) general-
ized case for Rankine seismic active pressure—granular backfill (Section 16.5),
and (b) solution for passive earth pressure by lower bound theorem of plasticity
(Section 16.15). The section on passive force on walls with earthquake forces
(Section 16.7) has been expanded. All end-of-chapter problems are new.

e In Chapter 17 on Retaining Walls, a new section (Section 17.10) on gravity
retaining wall design for earthquake conditions has been added. Discussion on
the properties of geotextile has been expanded along with some new geotextile
photographs. More than half of the end-of-chapter problems are new.

*  Chapter 18 on Sheet-Pile Walls has three new sections added: (a) cantilever
sheet piles penetrating sandy soil—a simplified approach (Section 18.8);

(b) free earth support method for penetration of sandy soil—a simplified ap-
proach (Section 18.10); and (c) holding capacity of deadman anchors (Section
18.18). All end-of-chapter problems are new.

e In Chapter 19 on Braced Cuts, all end-of-chapter problems are new.

e Each chapter now includes a Summary section. New and revised example
problems are presented in various chapters as needed.

INSTRUCTOR RESOURCES

A detailed Instructor’s Solutions Manual containing solutions to all end-of-
chapter problems, an image bank with figures and tables in the book, and Lecture
Note PowerPoint Slides are available via a secure, password-protected Instructor
Resource Center at https://login.cengage.com.
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Principles of Foundation Engineering is also available through MindTap,
Cengage’s digital course platform. See the following section for more details about
this format.

Custom Options for Principles of Foundation Engineering

Would you prefer to easily create your own personalized text, choosing the elements
that best serve your course’s unique learning objectives?

Cengage’s Compose platform provides the full range of Cengage content, al-
lowing you to create exactly the textbook you need. The Compose website lets you
quickly review materials to select everything you need for your text. You can even
seamlessly add your own materials, like exercises, notes, and handouts! Easily as-
semble a new print or eBook and then preview it on our site.

Cengage offers the easiest and fastest way to create custom learning materials
that are as unique as your course is. To learn more about customizing your book
with Compose, visit compose.cengage.com, or contact your Cengage Learning
Consultant.
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Principles of Foundation Engineering, Ninth Edition is also available with MindTap,
Cengage’s digital learning experience. The textbook’s carefully-crafted pedagogy
and exercises are made even more effective by an interactive, customizable eBook
accompanied by automatically graded assessments and a full suite of study tools.

CHAPTER 3: NATURAL SOIL DEPOSITS AND SUBSOIL EXPLORATION
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more. Built-in metrics provide insight into engagement, identify topics needing extra
instruction, and let you instantly communicate with your students. Finally, every
MindTap adoption includes support from our dedicated, personalized team. We’ll
help you set up your course, tailor it to your specifications, and stand by to offer sup-
port to you and your students whenever you need us.

How Does MindTap Benefit Instructors?

Customize and personalize your course by integrating your own content into
the MindTap Reader (like lecture notes, audio and video recordings, or prob-
lem sets to download) or pull from sources such as RSS feeds, YouTube videos,
websites, and more.

Save grading time by lever-
aging MindTap’s automati-
cally graded assignments
and quizzes, including
algorithmically generated
problem sets. These prob-
lems include immediate,
specific feedback, so stu-
dents know exactly where
they need more practice.
The Message Center helps
you to quickly and easily
contact students directly
from MindTap. Messages
are communicated immedi-
ately by email, social media,
or even text message.
StudyHub is an all-in-

one studying destination
that allows you to deliver
important information and
empowers your students to personalize their experience. Instructors can choose
to annotate the text with notes and highlights, share content from the MindTap
Reader, and create custom flashcards to help their students focus and succeed.
The Progress App lets you know exactly how your students are doing (and
where they are struggling) with live analytics. You can see overall class en-
gagement levels and drill down into individual student performance, enabling
you to identify topics needing extra instruction and instantly communicate with
struggling students to speed progress.

How Does MindTap Benefit Your Students?

The MindTap Mobile App includes the entire eBook accompanied by flash-
cards, quizzes, and course alerts to help students understand core concepts,
achieve better grades, i : ; 2

and prepare forg their 33 Natural Soil Deposits Residual Soil

future courses.
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The Progress App allows students to monitor their individual grades, as well
as their level compared to the class average. This not only helps them stay on
track in the course but also motivates them to do more, and ultimately to do
better.

The StudyHub is a single-destination studying tool that empowers students to
personalize their experience. They can quickly and easily access all notes and
highlights marked in the MindTap Reader, locate bookmarked pages, review
notes and Flashcards shared by their instructor, and create custom study guides.
The MindTap Reader includes the abilities to have the content read aloud, to
print from the digital textbook, and to take notes and highlights directly in the
text while also capturing them within the linked StudyHub App.

For more information about MindTap for Engineering, or to schedule a

demonstration, please call (800) 354-9706 or email higheredcs@cengage.com.
For instructors outside the United States, please visit http://www.cengage.com
/contact/ to locate your regional office.
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Geotechnical Engineering

eotechnical engineering, also known as geomechanics, is an emerging area

in civil engineering. It deals with soil mechanics, with some emphasis on

rock mechanics, where we apply engineering principles, such as the theory
of elasticity, Mohr’s circle, and continuum mechanics, to develop simple solutions
that can be applied to geotechnical and foundation engineering problems. When
dealing with problems related to geomaterials, which include soil, aggregates, and
rocks, some knowledge of geology is always an advantage.

A thorough understanding of the geotechnical engineering fundamentals
is a prerequisite for studying foundation engineering. These include phase rela-
tions, soil classification, compaction, permeability, seepage, consolidation, shear
strength, slope stability, and soil exploration. These areas are covered in Principles
of Geotechnical Engineering (9th Edition) in good detail. The main points are dis-
cussed very briefly in Chapters 2 and 3 in Part 1 of this text.

A new chapter on geotechnical instrumentation is included in this edition as
Chapter 4 in Part 1. When projects become complex or the design or construction
methods are nonstandard, it is often advisable to use instruments and measure the
loads, stresses, deformations, and strains at critical locations and monitor them over
a certain period to ensure the performance of the structure is satisfactory. This new

chapter gives an overview of the major instruments used in geotechnical engineering.

Foundation Engineering

Every civil engineering project has some geotechnical or foundation engineering
component. This includes all earth and earth-supported structures, namely, founda-
tions and earth-retaining structures, the two broad categories discussed in this book.
The related chapters are bundled into Parts 3 and 4, respectively. Under foundations
(Part 3), shallow foundations and deep foundations are discussed. In this edition, a
new chapter is introduced on the load and resistance factor design (LRFD) method,
which is quite different compared to the traditional allowable stress design (ASD)
method that has been used by geotechnical engineers for decades. The LRFD was
initially brought into practice by the American Concrete Institute (ACI) in the 1960s.
It is widely used in structural engineering and is becoming popular in foundation
engineering applications such as footings, piles, and retaining walls. The main differ-
ence between LRFD and ASD is the way the safety factor is applied.

A new introductory chapter on piled-raft foundations is included in this edition
(Chapter 14). Piled rafts exploit the advantages of piles and rafts, two different types
of foundations. For tall buildings, they appear to give economical solutions com-
pared to those given by rafts or piles alone.

Retaining walls, sheet piles, and braced cuts are covered under earth-retaining
structures in Part 4.

Soil Exploration

All geotechnical designs require knowledge of the soil and rock properties in the
vicinity of the structure. These are determined through a soil exploration (also known
as site investigation) program that consists of (a) in situ tests, (b) sampling at the
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FIGURE 1.1 Soil exploration program (Courtesy of N. Sivakugan, James Cook
University, Australia)

site, and (c) laboratory tests on the samples taken from the site. Based on the soil
exploration data, a simplified soil profile can be developed, which can be the basis
for geotechnical designs. Figure 1.1 shows drilling in progress as part of a subsoil
investigation.

The heterogeneous nature of the ground conditions and the spatial variability in
the soil properties make it difficult to assign the design parameters to a simplified soil
model. Every borehole and its associated tests can cost thousands of dollars to the
client, and it is often the case that our wish list is longer than what the budget permits.
Therefore, it is prudent to plan the soil exploration program to extract the maximum
possible data from the ground that is relevant to the project at a reasonable cost.

Due to budgetary constraints, it is sometimes necessary to strike a balance between
laboratory and in sifu tests. The same parameters can be determined by laboratory or
in situ tests. Some good geotechnical judgment is required here to select the right tests.
Laboratory and in situ tests must complement each other. One should never be chosen
at the expense of the other. They have their own advantages and disadvantages.

Ground Improvement

When designing a beam or a bridge, an engineer has the luxury of specifying the
strength of concrete. The same thing applies to most engineering materials. When it
comes to soil, the situation is different. Once the site is identified, one has to design
the structure to suit the soil conditions. Any attempt to replace the soil with a better-
performing soil can be an expensive option. However, the existing ground can be
improved through one of the many ground improvement techniques.

Very often, the soil conditions at a site do not meet the design requirements
in their present form. The soil may be too weak, undergo excessive deforma-
tions, and/or lead to possible failure. Even if the soil at the surface is suitable,
the subsoil conditions may be unfavorable. Designing the structure or facility
to suit the existing soil conditions is not necessarily the best option. Instead,
improving the ground and looking for more economical alternatives can save
millions of dollars.

Compaction is a simple and inexpensive ground improvement technique that
works on all types of soil. Figure 1.2 shows some soil compaction in progress for
a highway construction project. The other ground improvement techniques include
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FIGURE 1.2 Soil compaction for a highway construction project (Courtesy of N. Sivakugan,
James Cook University, Australia)

vibroflotation, dynamic compaction, blasting, preloading, vertical drains, lime/cement
stabilization, stone columns, jet grouting, and deep mixing. They are discussed briefly
in Chapter 5 (Part 2).

Solution Methods

In geotechnical or foundation engineering, there are three ways of solving a problem.
They are:

* analytical methods
e physical modeling
* numerical modeling

For simple problems, similar to those discussed in textbooks, it is possible to apply
the geotechnical engineering principles and the closed form solutions available in the
literature. This applies to situations where the soil conditions are relatively uniform
and the boundary conditions are well defined. In some instances, it is also possible
to build a small scale model that can be tested in the laboratory to investigate the dif-
ferent scenarios. This is known as physical modeling. In larger projects, where the
soil conditions and the boundary conditions are complex, it is difficult to apply the
geotechnical theories and arrive at closed form solutions. Here, numerical modeling
becomes a valuable tool. Once the model is developed, it can be used to carry out
a thorough sensitivity analysis, exploring the effects of different parameters on the
performance of the structure.

Numerical Modeling

Soil is a particulate medium. For simplicity it is treated as a continuum, which is as-
sumed to follow one of the many constitutive models such as Mohr—Coulomb, linear
elastic, nonlinear elastic, Cam Clay, or Drucker—Prager. These constitutive models
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define how the soil behaves. The boundary conditions define the loadings and dis-
placements at the boundaries of the region of interest.

In large projects, the boundary conditions can be so complex that it is not possible
to carry out the traditional analysis using the simplified theories, equations, and design
charts covered in textbooks. This situation is even made more complex by the soil vari-
ability. Under these circumstances, numerical modeling can be very useful. Numerical
modeling can be carried out on foundations, retaining walls, dams, and other earth-
supported structures. This can model the soil-structure interaction very effectively.

Finite element analysis and finite difference analysis are two different numerical
modeling techniques. Here, the problem domain is divided into a mesh, consisting
of thousands of elements and nodes. Boundary conditions and appropriate constitu-
tive models are specified to the problem domain, and equations are developed for
the nodes/elements. By solving these equations, the variables at the nodes/elements
are determined.

There are people who write their own finite element program to solve a specific
geotechnical problem. For novices, there are off-the-shelf programs that can be used
for such purposes. PLAXIS (http://www.plaxis.nl) is a very popular finite element pro-
gram that is widely used by professional engineers. FLAC (http://www.itasca.com)
is a powerful finite difference program used in geotechnical and mining engineering.
There are also other numerical modeling software programs tailored for geotechnical
applications, such as those developed by GEO-SLOPE International Ltd. (http:/www
.geo-slope.com), Soil Vision Systems Ltd. (http://www.soilvision.com), and GGU-
Software (http://www.ggu-software.com). In addition, some of the more powerful
software packages developed for structural, material, and concrete engineering also
have the ability to model geotechnical problems. Abaqus® and Ansys® are two such
finite element packages that are widely used in universities for teaching and research.

Empiricism

Experience, intuition, and judgment play a major role in geotechnical engineering.
In addition to what has been developed through rational theories in soil and rock me-
chanics, there are many lessons learned through decades of experience, which help
in fine-tuning these theoretical developments that may have been oversimplified.
Empiricism is knowledge developed through experience, intuition, and judgment,
often backed by reliable data.

There are literally hundreds of empirical correlations in the form of equations or
charts that can be used in deriving soil properties. They were developed from large
databases and are very valuable in the preliminary design stages, when limited soil
data are available. These are derived based on laboratory or field data, past experi-
ence, and good judgment.

Geotechnical data, whether from the field or laboratory, can be quite expensive.
We often have access to very limited field data [e.g., Standard Penetration Test (SPT)]
from a limited number of boreholes, along with some laboratory test data on samples
obtained from these boreholes and/or trial pits. We use the empirical correlations sen-
sibly to complement the site investigation program and, hence, extract the maximum
possible information from the limited laboratory and field data.

Literature

There are times when one is expected to go beyond what is covered in textbooks.
When you are carrying out research on a new topic or trying to learn more about
something covered only briefly in the textbook, a thorough literature review is
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necessary. A Web search can be a good start in locating some literature. There are
also specialized geotechnical journals and conference proceedings that discuss the
latest developments.

The U.S. Army, Navy, and Air Force do excellent engineering work and invest
significantly in research and development. Their design guides, empirical equations,
and charts are well proven and tested. They are generally conservative, which is
desirable in engineering practice. Most of these manuals are available for free down-
load. They (e.g., NAVFAC 7.1) are valuable additions to your professional libraries.
The Canadian Foundation Engineering Manual (Canadian Geotechnical Society
2006), Kulhawy and Mayne (1990), and Ameratunga et al. (2016) have collated and
critically reviewed the empirical correlations relating the soil and rock properties
derived from laboratory and in situ tests.
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