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Foreword

Most of the time we only see half a building—the part above ground, the part
that we creatures of the planet’s skin can see as we move about on our horizontal
plane. But this is a very naive view, somewhat like thinking that trees are leafy
sticks somehow balanced on a point. In reality, trees have an almost mirror-
image structure below the ground to support the visible part above. A wide
system of underground branches we call roots collect and distribute the forces
that keeps the tree erect and stable. This is also true of buildings. There is an
elaborate and elegant system of construction below the ground—not visible—
that makes possible the portion above.

The design and engineering that take place below grade are often monumen-
tal—and beautiful. Anyone who has peeked through the slats at a big building
site and has seen the hole filled with other holes being filled with concrete and
driven with steel will feel the power of what goes on beneath the surface of
major construction.

Chester Duncan’s book is a fine and much needed guide to this world of
construction beneath the surface, to the places that anchor, support, and stabilize
the structures that make up our built world. It takes us beyond the naive view
of buildings sitting on the landscape and into the complex interlocking of the
man-made and the earth that is the reality of what we construct.

This book also shows us how the engineering and design of buildings meeting
the ground is empirical, based on the pragmatics and deep knowledge of a site.
While architecture and engineering above ground can try to demonstrate the fact
and fiction of ideal systems, meeting a highly composite and variable mix of
materials like the earth’s skin is a different matter. This layer we live on and in
is the result of billions of years of mixing, folding, grinding, and compression.
It is anything but the consistent and uniform substance that simple theories prefer.
So the engineer and designer of foundations must bring a pragmatic eye and
mind to the task, an ability to see and adjust to inconsistent and often puzzling
conditions. Experience and the judgment that a good mind draws from it are
required at every step. The more one has seen and heard about, the more one

xiii



Xiv Foreword

knows. Professor Duncan’s book offers the guidance of almost a half-century of
experience in the engineering of buildings. In this second edition of what has
become a recognized designer’s companion, Professor Duncan has added to his
rich store of concepts, facts, and the illustrations through which we can better
understand them. His experience is shared with the student and practitioner in a
direct way. Most architects and engineers I know are more than a little apprehen-
sive when it comes to dealing with soils and foundations—there are just too
many unknowns and pitfalls, literally. They need a guide who knows the terrain
and has seen what can and what ought to happen. Chester Duncan has written
this sort of guide through the vagaries and circumstance of fixing our buildings
to the land.

Edward M. Baum, AIA
Dean, School of Architecture
University of Texas at Arlington



Preface to the Second Edition

This book was written as a text for architectural and engineering students in
undergraduate and graduate-level programs and as a reference for architectural
and engineering practitioners, general contractors, and residential builders. It can
also be used to provide attorneys and insurance adjusters with a fundamental
understanding of subject matter upon which they may be called to litigate.

Through this book the student will learn the basic theory relating to soils and
foundations, along with the application of that theory in practice. The practitioner,
having already learned the basics, can use this text to provide guidance for field
situations with which he or she may not be familiar. In addition to basic theory,
this book introduces a variety of topics not normally found in the main stream
of soils engineering literature, such as buoyancy, prestressed tribacks and tie-
downs, the installation and design of rock anchors and residential concerns
regarding expansive soil.

The theory of soil mechanics is based on the assumption that the soil in
question is homogeneous and isotropic throughout the mass. Such ideal conditions
are seldom realized in the field. The application of theory must therefore be
tempered with judgment, and judgment can only come from hands-on experience.
The author has included numerous recommendations based on hands-on-experi-
ence accumulated in 25 years of professional practice. These recommendations
are aimed at adding valuable insight for those involved in the resolution of
problems arising in design or in the field.

It has been said that a picture is worth a thousand words. Because architects
and engineers are visually oriented, this book incorporates more than 230 illustra-
tions, each of which tells a story aimed at adding a richer, more detailed under-
standing of the text.

It has been the author’s intent to present the information in this book using a
less formal style than that found in most textbooks. Although the term user-
friendly has been overworked in recent years, this book was written with that
style of writing in mind. For example, in areas in which the author calls on
his experience or presents his recommendations the text takes on a somewhat

XV



XVi Preface to the Second Edition

conversational tone. It is sincerely hoped that the format used in writing this
book succeeds in presenting the material in such a way as to be readily understood
and interesting to read.

Suggestions and criticisms of readers are welcome. All will be appreciated
and given thoughtful consideration.

Chester Duncan
Arlington, Texas



List of Symbols

The following is a list of symbols used throughout this text. These symbols are
in general use in the soils and foundations industry. On occasion a symbol may
be used to express two different things. Because the different use of these symbols
occurs only in different topics, there should be no confusion as to the intent of
a given symbol within a given topic. The units given in the definition are those
most customarily used.

AASHTO
ACI
ASTM

A
a, w,v,s

a, ap
B

b h
Cl’ C3

CC * Cll

Cn

o

American Association of State Highway and Transportation
Officials

American Concrete Institute

American Society for Testing and Materials

area (si, sf)

subscripts, air, water, voids, solids, used in the analysis or testing
of a soil sample

shape factors used in determining the ultimate bearing strength of
a rectangular footing

the side or width of a footing (feet)

width and depth of shear keys (inches)

influence coefficients used to determine the pressure induced at
various points in a soil mass by a concentrated or uniformly
distributed load

the coefficients of curvature and uniformity, used in the identifica-
tion of well graded and poorly graded coarse grained soils

a correction factor used to modify the blow count N due to the
release of overburden

a correction factor used to modify the blow count N due to the
existence of a water table

unit cohesion (psf)

diameter of a round footing (feet)

Xvil



Xviii List of Symbols

D, etc.

D,

Dy

~ =
@2
ol

the particle diameter corresponding to the percent passing line on
a particle distribution curve as identified by the subscript (mm)
the critical depth below which the overburden pressure effective
in producing skin friction between sand and piles no longer in-
creases with increased depth (feet)

the distance below grade to the bottom of a footing or to the point
at which the shear resistance on the surface of a pile or pier is to
be determined (feet)

the relative density of a coarse grained soil (%)

the distance to the water table measured from grade (feet)

the void ratio of a coarse grained soil, with various subscripts
identifying the condition of the soil under which the void ratio
is required

the ultimate shear capacity developed between the shaft of a pile
or pier and the surrounding soil (psf)

allowable bending stress on an uncracked concrete section (psi)
allowable bearing stress on concrete (psi)

specified concrete strength in 28 days (psi)

modulus of rupture of concrete (psi)

specific gravity of the solid constituents of a soil

general expression for height (feet, inches)

height of solids in a consolidation test (inches)

the angle of rupture, measured from the horizontal (degrees)—
Article 9-2 and Figure 9-5

the coefficient of lateral pressure used in the determination of the
ultimate shear capacity between the shaft of a pile or pier and the
surrounding soil

the coefficient of active pressure used in the determination of the
lateral force P,

the coefficient of horizontal pressure used with the charts of
[Ref. 20]

the coefficient of vertical shear resistance used with the charts of
[Ref. 20]

the coefficient of permeability (cm/sec)

lap and development lengths of reinforcing bars, with various
subscripts to identify the specific situation (inches)

liquid limit, relating to a clay soil

blow count, as determined in the standard penetration test
bearing capacity factors, used in determining footing capacity
soil porosity

a concentrated load (kips, tons)

the lateral force exerted on a wall by the restrained earth wedge
(pounds, kips)

the pressures occurring during a triaxial compression test (psf)



Pt
Po
Pl

PL

Qult

qa
qd
Gu
ROD

SF
SL

USCS
USDA
1%

v
w

w
o (alpha)

A (Delta)
Y (gamma)
A (lambda)
¢ (phi)

©® (Theta)

tan & (delta)

List of Symbols Xix
unit pressure, the location of interest being identified by various
subscripts (psf)

resultant pressure used in settlement calculations (psf)

the pressure due to overburden (psf, tsf)

plasticity index, relating to a clay soil

plastic limit, relating to a clay soil

a concentrated load used in determining the pressures within a
soil mass (kips)

the ultimate load carrying capacity of a deep foundation (tons)
a uniformly distributed load used in determining the pressures
within a soil mass (psf, ksf, tsf)

the allowable bearing capacity of a footing (psf, ksf, tsf)

the ultimate bearing capacity of a footing (psf, ksf, tsf)

the unconfined compression strength of soil or rock (psf, tsf)
the radius of a round footing (feet)

rock quality designation

the degree of saturation of a soil (%)

safety factor

shrinkage limit, relating to a clay soil

a measurement of sensitivity of a predominantly clay soil

the unit resistance to shear, the induced shear stress (psf)
Unified System of Soil Classification

United States Department of Agriculture

the volume of a soil or of its constituents, as identified by various
subscripts (cf)

unit shear stress (psf, psi)

the weight of a soil or of its constituents, as identified by various
subscripts (pounds)

water content, synonymous with moisture content (%)

the angle of rupture, measured from the vertical (degrees)—Article
9-2 and Figure 9-5

settlement of a spread footing (inches) or the increment of some
finite thing

density, synonymous with unit weight (pcf)—Article 2-2

a cohesion reduction factor used to determine the ultimate shear
capacity between a pile or pier and the surrounding clay— Article
8-10

the angle of internal friction of a granular or mixed-grained soil
(degrees)—Aurticles 2-12 and 9-2

the angle of repose of an unrestrained soil mass (degrees)—Article
9-2

the coefficient of friction between the shaft of a pile or and the
surrounding soil—Article 8-11



British—Metric Conversions

British Metric Equivalent

Length inches 2.54 centimeters (cm)

feet 0.3048 meters (m)
square inches 6.452 cm?
square feet 0.0929 m?

pounds 0.4535 kilograms (kg)
pounds 4.448 newtons (N)
kips 4.448 kilonewtons (kN)
tons 8.896 kN
pef 16.02 kg/m?
psi 0.6895 N/cm?
psi 6.895 kilopascals (kPa)
psf 47.88 N/m? = 47.88 Pascals (Pa)
ksf 47.88 kPa
tsf 95.76 kPa
inch kips 1152 kg m
foot kips 1.356 kN m

Note: IN = 0.1019 kg = 0.2248 pounds

1Pa = 1Nm?> = 0.0209 psf
1 MPa = 1000 kPa = 145 psi

XXi



1

Classification of Soils

1-1. INTRODUCTION

The surface of the Earth contains many different kinds of soil, each having its
own unique physical and chemical characteristics. The forces acting on a building
are transmitted through the foundations into the ground, where the underlying
soil provides the ultimate response. Each kind of soil exhibits a different kind
of response. The design of the foundations cannot be completed, nor should it
even be started, until the behavior of the underlying soil has been determined.

The first step in determining the behavior of the different kinds of soil is to
classify them according to certain common physical and chemical characteristics.

1-2. SOIL TERMINOLOGY

In order to begin a study leading to the classification of soils and an understanding
of soil behavior, it is first necessary to understand the meaning of the terms used
to describe the various kinds of soil.

Rock

Rock is a naturally formed material composed of mineral grains connected to-
gether by strong, permanent cohesive forces to form a solid, impervious mass
having some degree of mineralogic and chemical consistency.

Although rock is not a soil, rock is the origin of all soils. When rock is
subjected to the physical or chemical action of air or water for extended periods
of time, the rock will disintegrate and decompose. This phenomenon of change
is commonly called weathering. All soils are the end product of the weathering

C. L. Duncan Jr., Soils and Foundations for Architects and Engineers

© Kluwer Academic Publishers 1998



2 Soils and Foundations for Architects and Engineers

of rock. The characteristics of rock, as related to building construction, are
discussed in Chapter 14.

Soil

All soils are a natural aggregate of mineral grains which can be separated by
gentle agitation in water. Soil grains are separated by size into four general
classifications: gravel, sand, silt, and clay. Gravel and sand are referred to as
coarse grained soils, while silt and clay are referred to as fine grained soils. In
their natural state soil masses are rarely homogeneous and contain both coarse
and fine grained fractions. Such soils are referred to as mixed grained.

Coarse Grained Soils

Coarse grained soils are defined as those soils whose individual grains are retained
during the sieve test on sieves larger than, and including, the No. 200 (0.075-
mm) sieve. Grains of this size can generally be seen with the naked eye, although
a hand-held magnifying glass may occasionally be needed to see the smallest of
the grains. Gravel and sand are coarse grained soils.

When a coarse grained soil has been oven dried it can easily be separated into
individual grains. The presence of moisture does not affect the separation of the
larger grains but will impart a degree of stickiness to the smaller particles (referred
to as the finer fractions) of sand. Soils exhibiting predominantly coarse grained
characteristics are sometimes referred to as granular soils.

Fine Grained Soils

Fine grained soils are defined as those whose individual particles pass a No. 200
sieve. Particles of this size can usually not be seen with the naked eye, even
with the aid of a magnifying glass. Examination of these particles, therefore,
must be made with optical and electron microscopes. Silt and clay are fine grained
soils. All fine grained soils exhibit, to some degree, the properties of plasticity
and cohesion. Soils exhibiting predominantly fine grained characteristics are
sometimes referred to as cohesive soils.

Mixed Grained Soils

Soils containing measurable amounts of coarse and fine grained fractions are
referred to as mixed grained soils. The properties and characteristics of a mixed
grained soil depend to a large extent on the distribution between the two fractions.
When the fine grained fraction is approximately one-third of the mix, the soil
will exhibit the general properties and characteristics of a fine grained soil.

Gravel

Gravel makes up the larger fraction of the coarse grained soils. Most gravels
have a distinctly rounded shape and are smooth to the touch. Unlike sand, gravel
exhibits no tendency to stick together when wetted.
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Sand

Sand makes up the smaller fraction of the coarse grained soils. Sand, unlike
gravel, exhibits considerable variation between grains. Grains can be described
as round, angular, smooth, or sharp. Sand can easily be separated by gently
shaking when dry, but the smaller grains exhibit a definite tendency to stick
together when wet. Sand is subdivided into three classifications based on particle
size—coarse, medium, and fine.

Silt

Silt makes up the coarser portion of the fine grained fraction of soils. Silt acts
somewhat as a transition between sand and clay because it has some of the
properties of each. Silt, like sand, consists of rock fragments that have not been
chemically altered. The mineralogical composition of these grains, therefore,
remains essentially that of the rocks from which they were derived. On the other
hand, silt exhibits considerable plasticity and cohesion, which are properties
of clay.

Silt is subdivided according to plasticity. The fraction with the least plasticity
consists primarily of very fine rounded grains of quartz and is called rock flour.
The fraction with the most plasticity consists primarily of flake-shaped particles
and is called plastic silt.

Clay

Clay makes up the finer portion of the fine grained fraction of soils and is the
end product of the chemical decomposition of rock. The mineralogy and molecular
arrangement of a clay particle are extremely complex and highly variable. This
gives rise to a considerable range of characteristics within the overall family of
clays. Clays are subdivided, therefore, into several groups that differentiate one
clay type from another.

Organic Soil

Organic soil is defined as any soil which contains decayed vegetable or animal
matter in any amount, no matter how small. Soil containing organic matter can
usually be identified by its rich brown color and distinctive odor. Organic soil
is totally unsuitable as a material on which to build any part of a building structure
or to use as backfill against basement or retaining walls.

Inorganic Soil

This term refers to any mixture of soil that is completely free of organic constit-
uents. Only inorganic soils can be considered as potentially acceptable structural
materials, subject to further analysis.
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Loam

Loam is a loose textured mixture of sand, silt, and clay that can be easily worked
with garden tools.

Top Soil

Top soil is a mixture of loam and organic material and is the very best of soil
mixtures within which to grow plants and vegetation.

Peat

Peat is a highly organic, fibrous, and relatively light soil usually found in marshy
areas. Because of its extreme compressibility, it is totally without merit as a
structural soil.

Glacial Till

Glacial till is a heterogeneous mixture of clay, sand, pebbles, and boulders
transported and then deposited by glaciers.

Hardpan

Hardpan is a cemented and compacted layer of extremely dense, impenetrable
clay or glacial till.

1-3. SOIL CLASSIFICATION SYSTEMS

There are four major soil classification systems. These have been developed in
order to standardize technical information from which the characteristics and
load response of a given soil can be approximated for the purpose under which
the soil is to be used.

1. United States Department of Agriculture (USDA)

2. American Association of State Highway and Transportation Officials
(AASHTO)

3. Unified Soil Classification System (USCS)

4. American Society for Testing and Materials (ASTM)

The soils identified within these classifications are grouped in accordance with
the following properties and characteristics:

1. Particle size
2. Particle distribution
3. Plasticity

Coarse grained soils are normally classified by particle size and the distribution
by weight of the different sizes throughout the mass. Fine grained soils are
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normally classified according to plasticity. It should be emphasized that all these
properties can only be determined by performing exacting tests in the controlled
environment of a testing laboratory.

1-4. CLASSIFICATION BY PARTICLE SIZE
General

The size and distribution of particles in coarse grained and mixed grained soils
are determined by performing a laboratory test called sieve analysis. The size
and distribution of particles in a fine grained soil are usually not considered to
be important. When required, however, they can be determined by performing
a sedimentation test. Both the sieve analysis and the sedimentation test are
described in the following ASTM Standard:

ASTM Designation D-422: Standard Method for Particle-Size Analysis
of Soils

This method provides for the quantitative determination of the size and distribu-
tion of particles within a soil mass. Soils retained on sieves down to and including
a No. 200 sieve are classified as coarse grained soils. Soils that pass through a
No. 200 sieve are classified as fine grained soils.

Before performing either of these two tests, the soil must be prepared in
accordance with the following ASTM Standard:

ASTM Designation D-421: Standard Practice for Dry Preparation of
Soil Samples for Particle-Size Analysis and Determination of Soil
Constants

This standard describes the procedure to be used in preparing the soil sample
after it has been received from the field. In general it is required that the sample
be exposed to the air at room temperature until it is thoroughly dried, after which
any clumps of soil shall be broken up into separate grains with mortar and pestle.

Sieve Test

A standard sieve test, when performed on an oven dried, coarse grained sample,
will provide the following information:

1. The identification of the soil as determined by particle size
2. The distribution of particle size within the mass

The sample must be oven dried in order to remove all moisture; otherwise,
particles could stick together and give completely erroneous results.
This test is performed on a series of sieves, similar to those illustrated in
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FIGURE 1-1. Standard sieves for particle size analysis. [Ref 4]

Figure 1-1. In order to perform the test, the sieves are vertically stacked in
decending order of opening size. The prepared sample is placed on the uppermost
sieve, and the stack is attached to a mechanical shaker which imparts an upward
and sideways motion to the sieves. Each particle will fall through the stacked
sieves until being retained on the sieve whose openings are smaller than the size
of the particle. The larger particles are retained on the upper sieves, while the
smaller particles are retained on sieves positioned lower in the stack. Sieves are
manufactured to conform to the following ASTM Standard:

ASTM Designation E-11: Wire-Cloth Sieves for Testing Purposes

Sieves are manufactured in several different diameters. The 8 inch sieve,
however, is the diameter most frequently used. Each sieve is identified by a
number which identifies the size opening within the mesh. The most frequently
used sieves are the 3-inch, 3/4-inch, and the Nos. 4, 10, 40, and 200. The clear
width of the opening between the strands of mesh, as illustrated in Figure 1-2,
is given in Table 1-1.

It should be noted that reference to particle size can be misleading because
many of the particles are irregularly shaped. A particle, of course, is three-
dimensional, and a particle may be larger than the sieve opening in one of its
dimensions but smaller in the other two dimensions. Whether such a particle
will pass through or be retained on a particular sieve depends on how the particle
is aligned with respect to the sieve opening.
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Clear

width

Clear
width

For clear width
dimensions,
see Table 1-1.

FIGURE 1-2. Sieve construction showing clear width of openings.

Particles are then classified by name according to the sieve upon which they
were retained. This classification is given in Table 1-1.
Limitation to Classification by Particle Size

Soil classification by particle size is considered to be only the first step in
determining the characteristics and load response of a given soil. The characteris-
tics of a coarse grained soil depend not only on particle size but on shape,

TABLE 1-1. USCS Classification by Particle Size [Ref. 22]

Sieve Size/No. mm¢ in.t Classification
Cobbles
3” 75 3
Coarse gravel
3/4” 19 3/4 R
Fine gravel
No. 4 4.750 3/16
Coarse sand
No. 10 2.000 5/64
Medium sand
No. 40 0.425 1/64 E—
Fine sand
No. 200 0.075 1/320
Silt or clay

“Dimensions are clear width of opening, see Figure 1-2.
bSizes are approximate and are for general interest only.
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distribution throughout the mass, and the arrangement of intergranular seating
between particles. The characteristics of the fine grain fraction of soils—silts
and clays—are primarily independent of particle size. If a particle of silt, for
example, were reduced in size to that of a clay, the particle would not acquire
the properties of clay. Nor do all clays possess the same properties. These
properties are dramatically affected by the mineralogy and morphology of the
particles. This is particularly true in the way in which clays of different mineralogy
exhibit completely different characteristics in the absorption and release of
pore water.

1-5. CLASSIFICATION BY
PARTICLE DISTRIBUTION

General

In order to determine the distribution of particle size throughout the mass, the
amount of sample contained on each sieve is carefully weighed. This weight is
then converted to a percentage of the total weight of the original sample. The
results of this test can be plotted on a particle distribution curve, an example of
which is illustrated in Figure 1-3.

Different Kinds of Particle Distribution

The particle distribution curve can be a useful tool in identifying the uniformity
or lack of uniformity with which the particles are distributed within the soil.
Some soils contain grains representative of a wide range of particle size. Such

Sieve size
3 3/4"  #4 #10 #40 #200
100
.g Note:
@ 80 1 The vertical scale shows
3 = the percentage of grains
5 607 by weight passing through
8¢ the indicated sieve.
& = 40 \
oy
20 >
’\-ﬁ

i 1 T
100 10 1.0 0.1 0.01

Particle size (mm)
(semilog scale)

FIGURE 1-3. Typical particle distribution curve, as determined from sieve analysis.
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FIGURE 1-4. Particle distribution curves representative of well graded, poorly graded,

and skip graded particles. [Ref 10]

soils are referred to as well graded. A soil whose grains are contained within a
relatively small range of particle size is referred to as poorly graded. A soil
whose grains extend over a wide range of sizes, but are lacking in the mid-range,
is referred to as skip graded. Curves representative of these three different kinds

of particle distribution are illustrated in Figure 1-4.

Coefficients of Uniformity and Curvature

When less than 5% of a soil identified as a sand or gravel passes a No. 200
sieve, it has been observed that there are not enough fines to significantly influence
the behavior of the mix. The behavior of such a mix will be influenced primarily
by grain distribution.

The coefficient of uniformity (C,) and the coefficient of curvature (C.) are
used to determine whether a particular sand or gravel should be classified as
well graded or poorly graded. In this analysis skip graded soils are classified as
poorly graded. The numerical value of these coefficients is computed as follows:

_Da
Dy

Dy

¢ Deo X Dyg

Cy

(1-1)

(1-2)



10 Soils and Foundations for Architects and Engineers

Start here

with required - Particle distribution curve
60, 30 or 10%.

Read diameter D
in millimeters.

FIGURE 1-5. Procedure for determining D values used in computing the coefficients
of uniformity and curvature.

In these formulas, D represents the diameter of the particle corresponding to
the percent passing as specified numerically by the subscript. For example, D¢
represents the particle size in millimeters corresponding to the percent passing
as shown on the particle distribution chart. In order to determine the D values,
it is first necessary to plot the particle distribution curve for the soil in question.
D values may then be read from the curve, using the procedure shown in Figure
1-5 and demonstrated in Example 1-1.

The coefficient of uniformity will generally increase with the degree to which
a soil is well graded. There is a problem of interpretation, however, because a
skip graded soil may also demonstrate a relatively high value for this coefficient.
The coefficient of curvature is used to overcome this problem. Soils that conform
to the following limitations may be classified as well graded; those not conforming
are classified as poorly graded:

C,>4 and 3>C.>1 for gravel
C,>6 and 3>C.>1 for sand

Sedimentation Test

Sedimentation tests, although to some degree approximate, are considered useful
in determining the general size and distribution of particles within a fine grained
soil. Such information is important to the architect and engineer because it gives
valuable insight as to the variation in behavior that exists within the family of
fine grained soils.

The sedimentation test is performed by preparing a soil solution in distilled
water and allowing the soil grains to settle out without interruption.

This test is based on a theory known as Stoke’s Law in which the diameter
of an assumed spherical particle may be equated to the velocity with which it
freely settles out of a fluid. During the test it is observed that the various grains
of soil slowly settle out of the soil-water solution with the heavier grains settling
out first. Required measurements are taken from which the general size and
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distribution of the particles can be determined. All work relative to this procedure
shall be in accordance with ASTM Designation D-422, as specified in Article
1-4.

As previously noted, the results of this test are somewhat approximate. This
is because the test computations are based on the assumption that the particles
are spherical in shape and that all particles are of similar specific gravity. These
may not be valid assumptions.

1-6. CLASSIFICATION BY PLASTICITY

Plasticity is the property of a soil that enables it to be remolded and deformed
without separating or breaking apart. Plasticity plays an important part in the
behavior of fine grained soils and in coarse grained soils containing a noticeable
fine grained fraction.

All clays exhibit plasticity although not to an equal degree. Silts also exhibit
plasticity, but to a considerably lesser degree. Plasticity is measured in terms of
the plasticity index, which is a function of the water content of the soil in question.
This index is one of the four boundaries of water content that comprise the
Atterberg limits. These boundaries are identified as the liquid limit (LL), plastic
limit (PL), shrinkage limit (SL), and plasticity index (PI). The meaning of these
boundaries, and the procedures by which they are quantitatively obtained, are
discussed in Article 13-6. The use of plasticity in the classification of soils is
demonstrated in Article 1-9.

1-7. USDA CLASSIFICATION SYSTEM

The United States Department of Agriculture has developed a system of soil
classification based solely on the distribution by weight of sand, silt, and clay
throughout the soil mass. This is commonly referred to as the textural system of
classification. It is an easy system to use and has the advantage of using terms
with which all architects and engineers are familiar. To use this system, the
percentages of dry weight of sand, silt and clay must be known. The intersection
point of these three percentages is then located on the textural chart of Figure
1-6, and the name given to that particular mixture is read off of the chart. For
example, a mixture consisting of 60% sand, 30% silt, and 10% clay would be
identified as sandy loam.

The preceding method of classification cannot be used when the mix contains
a substantial amount of gravel. For those instances when a small amount is
present, the terminology should be modified to express that fact. If a small amount
of gravel were present in the mixture of the previous example, that mixture would
then be identified as a stony sandy loam or as a gravelly sandy loam.

One of the principal benefits of this system of identification is that it standard-
izes terminology in terms of conversational descriptions. When this chart is used
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FIGURE 1-6. USDA textural classification of soils. [Ref 23]

correctly, each term has the same generalized meaning, no matter where it is
used or by whom. This is a plus. The author has experienced numerous instances
in which a term used to identify a particular soil had its roots more in local flavor
than in the more widely accepted terminology.

The primary use of this system, of course, is agriculture. In the design of the
foundations of a building (which is the thrust of this text), this system is of little
use. In the landscaping of this building, however, this system has considerable
merit.

The use of this relatively simple system of soil identification is complicated
by the need to accurately know the percentages of each constituent. In serious
engineering, however, this is just one of the many things that must be done.

1-8. AASHTO CLASSIFICATION SYSTEM

AASHTO Designation M-145, which originated with the Bureau of Public Roads,
was ultimately adopted by the American Association of State Highway and
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Transportation Officials for the purpose of identifying different kinds of soils in
terms of their suitability for use in highway construction. This system classifies
soils into eight groups, designated A-1 through A-8. Several of these groups
are subdivided into smaller groups in order to further distinguish soils having
different properties.

A soil consisting of well graded sand and gravel and containing a small amount
of clay binder is considered the most suitable soil upon which to construct a
highway. This soil is classified A-1. Other soils are classified in decreasing order
of suitability. Organic soils, which are considered to be completely unsuitable,
are classified A-8. The determination of suitability considers grain size, distribu-
tion, and plasticity.

Although considered a standard reference in highway construction, this system
of classification is not generally used by architects and engineers engaged in the
design of buildings.

1-9. THE UNIFIED SOIL
CLASSIFICATION SYSTEM

General

The Unified System of Soil Classification is based on the results of extensive work
performed in this area by Dr. Arthur Casagrande, Professor of Soil Mechanics and
Foundation Engineering, Harvard University. The identification of soils according
to this system is based not only on grain size and distribution, but on the behavior
of the soil as characterized by plasticity as well.

This system, sometimes referred to as the USCS, has been adopted as standard
by the Army Corps of Engineers and is the basis on which the ASTM Designation
D-2487 was developed. The USCS system has gained acceptance throughout the
industry and is now widely used by architects, engineers and contractors as the
standard method of soil classification.

This system separates soils into fifteen groups, each of which is identified by
a primary and secondary letter. The primary letter identifies the predominant soil
type. The secondary letter provides additional information relating to the particular
properties of the soil. Properties considered are the secondary soils within the
mix, the grain distribution of those that are primarily coarse grained, and the
characteristics of plasticity for those which are primarily fine grained. These
letters and a description of their meaning are presented in Table 1-2.

The Fifteen Soil Classifications

The accurate identification of soils intended for structural use is of primary
importance to the success of any project. This not only involves an understanding
of how a particular soil will function in a particular situation, but also the need
for a common terminology that can be understood by all those working on the
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TABLE 1-2. USCS Primary and Secondary Designations [Ref, 22]

Primary Letter Secondary Letter

G = Gravel For coarse grained soils:

S = Sand W = Well graded

M = Silt P = Poorly graded

C = Clay M = Coarse material with nonplastic fines or fines with low plasticity
O = Organic C = Coarse material with plastic fines

PT = Peat

For fine grained soils:
L = Relatively low liquid limit
H = Relatively high liquid limit

project. All soils and mixtures of soils can be identified as belonging to one of
the fifteen general soil groups of the Unified Soil Classification System. These
groups, including a general description of each soil, are listed in Figure 1-7. The
purpose of performing the various tests cited in this chapter is to determine into
which of these 15 groups the soil should be placed.

To Distinguish Between Organic and Inorganic Soils

An important step in the process of soil identification is to determine whether
the soil is primarily organic or inorganic. The existence of even a small amount
of organic material voids that particular soil for use in any structural capacity,
including subgrade for slab on ground, paving, roadwork, embankments, and
backfill.

The existence of organic material in any given sample of soil may be determined
by performing a variety of tests, including:

1. The presence of vegetable matter, such as sticks, leaves, or grass, imparts
a typically fibrous texture to the soil.

2. The color of a moist organic soil will usually contain dark or drab shades
of gray or brown and may include colors that are almost black.

3. The color of an inorganic soil, for comparison, contains brighter colors,
including medium and light gray, olive green, brown, red, yellow, and white.

4. The odor of a fresh sample of an organic soil is distinctive, although it
gradually diminishes on exposure to air. The original odor can be revived
by heating a wet sample.

5. The moisture content (Article 2-5) of an organic soil may be as high as
several hundred percent, which far exceeds that found in most soils.

6. The specific gravity (Article 2-6) of an organic soil is normally lower than
that of an inorganic soil due to the presence of vegetable matter and a
higher percentage of water and air.

7. For those few instances when there may be some doubt as to whether a
soil is organic or inorganic, a laboratory test should be performed in order
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FIGURE 1-7. USCS General Soil groups. [Ref 22]

to compare the plasticity indices of a moist sample and an oven dry sample.
The plasticity index of the oven dry sample will show a radical drop from
that which was found in the moist sample. When the same test is performed
on an inorganic soil, the plasticity index will vary only a few percentage
points up or down.
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Laboratory Identification of Soils by the USCS Flow Charts

The USCS groups all soils into one of two major divisions: (a) coarse grained,
and (b) fine grained. The appropriate division into which a given soil should be
placed can usually be made by visual examination. In borderline cases, or in
cases of uncertainty due to the presence of considerable mixed grained material,
a sieve analysis should be run on a representative, oven dried sample of soil.
The purpose of this test is to determine the percentage of dry weight retained
on a No. 200 sieve. Soils are classified as coarse grained when more than 50%
of the dry weight is retained, and as fine grained when 50% or less is retained.

The classification of a coarse grained soil is generally dependent on particle
size and distribution. In those instances when the soil contains a significant
fraction of fines, plasticity must also be considered. The classification of a fine
grained soil, on the other hand, depends solely on plasticity.

The classification of both types of soil is determined by the use of a flowchart
that guides the examiner through a series of well organized steps. When plasticity
must be considered the final classification of the soil will be determined from a
plasticity chart. The charts required for each analysis are found in the follow-
ing figures:

Major Division Flowchart Plasticity Chart
Coarse grained Figure 1-8 Figure 1-11
Fine grained Figure 1-9 Figure 1-10

The use of these charts is described in the following paragraphs.

Plasticity Chart for Fine Grained Soils

The plasticity chart shown in Figure 1-10 is used to determine the classification
of fine grained soils. This classification is a function of the liquid limit (LL) and
plastic limit (PL) of the soil. These limits, which are based on the water content
of the soil, belong to the family of Atterberg limits, defined in Article 13-6.

Before using the plasticity chart, the liquid limit and plastic limit must be
determined by laboratory analysis. The plasticity index (P[/) is then computed
as follows:

PI=LL - PL (all in %)

The chart is then entered with the known liquid limit and plasticity index.
Identification is made depending on where these coordinates plot on the chart.

The primary purpose of the chart is to differentiate between clays, silts, and
organic soils. Clays plot above the A line, while silts and organic soils plot
below the A line. This line has been arbitrarily established according to the
following formula:
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FIGURE 1-8. USCS Flowchart for identification of coarse grained soils. [Ref 22]
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FINE GRAINED SOILS
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FIGURE 1-9. USCS Flowchart for identification of fine grained soils. [Ref 22]
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FIGURE 1-10. Plasticity chart, used in the identification of fine grained soils. [Ref 22]
PI=0.73 (LL - 20)

At a liquid limit below approximately 29, and at a plasticity index in the range
of 4 to 7, there is an overlapping of characteristics between the CL and ML
groups. This is the area which is shown hatched on the chart. Soils above this
hatched area are CL, and soils below are ML. Those that fall within the hatched
area are assigned the dual designation of CL — ML.

Plasticity Chart for Coarse Grained Soils

A secondary use of a plasticity chart is to differentiate between soil groups GM
and GC, and soil groups SM and SC. These are the groups that have more than
a 12% fraction passing through a No. 200 sieve. Because of their relatively high
content of fines, it is necessary to determine whether these soils exhibit any
marked degree of plasticity. In order to make this determination, the liquid and
plastic limits are determined on the fraction of soil passing a No. 40 sieve. These
limits should be determined on moist samples rather than on oven dry samples.
By plotting the liquid limit and plasticity index of each sample on the plasticity
chart shown in Figure 1-11 the proper soil identification can be made. Soils
plotting below the A or the hatched zone are classified as GM or SM, those
within the hatched zone are classified as GM-GC or SM-SC, and those above
the A line or the hatched zone are classified as GC or SC.

1-10. ASTM CLASSIFICATION SYSTEM

In 1969 The American Society for Testing and Materials adopted the Unified
Soil Classification System under the following title:
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FIGURE 1-11. Plasticity chart, used in the identification of coarse grained soils.

ASTM Designation D-2487: Standard Test Method for Classification
of Soils for Engineering Purposes

Although occasionally revised in the years since its adoption, ASTM D-2487
remains essentially the Unified System.

1-11. CLOSURE

It must be remembered that no system of classification is perfect nor will any
system answer all questions or solve all problems. Each system must be used
with care and only for the purpose intended. As a case in point, consider the
textural system, as developed by the United States Department of Agriculture.
According to this system, a soil identified as clay need only be a little more than
40% clay, with the remaining 60% made up of silt and sand in any number of
proportions. Clearly, this system cannot be used alone as the basis for serious
soil analysis.

The USCS, on the other hand, is much more technical in its system of classifica-
tion. When an inspector calls in from the field and describes a particular soil as
belonging to Group Symbol SW, the designer knows that the soil is identified as:

SW: Well-graded sands and gravelly sands, little or no fines

and he should have a relatively good understanding of the general character of
the soil being described.

A preliminary judgment can also be made at this time as to which types of
foundation may be best suited for this particular site. Final design, however,
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cannot be undertaken until more definitive information has been determined
regarding the properties and load bearing characteristics of the soil.

Adequate, cost effective foundations can only be designed after the immediate
and long-term response of the soil to vertical and lateral load has been determined.
This information can only be obtained through a carefully thought out program
of field and laboratory testing. The requirements for implementation of this
program are described in Chapter 3.

1-12. SAMPLE PROBLEMS

Soils in the examples that follow will be identified in accordance with the Unified
Soil Classification System.

Example 1-1

Required: To identify a given soil, based on the sieve analysis indicated
in Table 1-3.

(a) An examination of the sample indicates no evidence of organic material.

(b) The weight of the soil contained on the Base represents the amount of soil
passing all sieves, including the No. 200 sieve. Remember that soil passing
through the No. 200 sieve is classified as fine grained soil. Soil retained
on the No. 200 sieve or on any of the upper sieves is classified as coarse
grained soil. In this particular example, then, 72 g are fine grained, and
1728 g are coarse grained. The coarse fraction is then computed as a
percentage of the total dry weight:

1728
1—80_6 X 100% = 96% < 50%

Therefore, the soil is first classified as coarse grained.

TABLE 1-3. Example 1-1: Sieve Analysis

Weight Retained Total Dry
on Each Sieve Weight Passing
Sieve Size/No. 03] (%)
3” 0 100
3/4” 324 82
No. 4 648 46
No. 10 252 32
No. 40 216 20
No. 200 288 4
Base 72 0

1800
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(c) The percentage of the coarse fraction retained on a No. 4 sieve is:

324 + 648

78~ 100% = 56% > 50%

Therefore, the soil is then classified as gravel.

(d) Because less than 5% of the sample passes a No. 200 sieve, a particle
distribution curve must be drawn in order to determine the coefficients C,
and C.. This will determine whether the gravel is well graded or poorly
graded. The required particle distribution curve is shown in Figure 1-12.

(e) From the curve read: D¢y = 8.0, D3y = 1.7 and Dy = 0.13

(f) From Formulas (1-1) and (1-2), compute:

8.0 1.7
Cu—-m‘—61.5 and Cc—m—2.78

These values are then compared to the following limiting values, which
define a well graded gravel:

C,>4 and 3>C.>1
Since these limits are satisfied, the soil should lastly be classified as:

GW: Well-graded gravels, gravel-sand mixtures, little or no fines.

Sieve number

3” 3{ 4 #lll #10 #40 #200

90 N

60

50

40 AN

Percent passing
by weight

30 ~
20

10 <]

100 50 10 5 1 05 0.1 0.05
Particle size (mm)

FIGURE 1-12. Example 1-1: Particle distribution curve.
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TABLE 1-4. Example 1-2: Sieve Analysis

Weight Retained

on Each Sieve % of Total
Sieve No. (2) Dry Weight Passing
3” 0 100
3/14” 144 92
No. 4 540 62
No. 10 594 29
No. 40 126 22
No. 200 342 3
Base _54 0
1800

Example 1-2

Required: To identify a given soil based on the sieve analysis indicated
in Table 1-4.

(a) An examination of the sample indicates no evidence of organic material.

(b) In this particular example, 54 g are fine grained, and 1746 g are coarse
grained. The coarse fraction is then computed as a percentage of the total
dry weight:

1746
1300 % 100% = 97% > 50%

Therefore, the soil is first classified as coarse grained.
(c) The percentage of the coarse fraction retained on a No. 4 sieve is:

144 + 540
1746

Therefore, the soil is then classified as sand.

(d) Because less than 5% of the sample passes a No. 200 sieve, a particle
distribution curve must be drawn in order to determine the coefficients C,
and C.. This will determine whether the sand is well graded or poorly
graded. The required particle distribution curve is shown in Figure 1-13.

(e) From the curve, read: Dgy = 4.4, D3y = 2.1, and Dy = 0.12

(f) From Formulas (1-1) and (1-2), compute:

x 100% = 39% < 50%

4.4 2.12
0. 8.4

Co=g5p=367 and  Co=35F15=

These values are then compared to the following limiting values, which define
a well-graded sand:

C,>6 and 3>C.>1
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FIGURE 1-13. Example 1-2: Particle distribution curve.

Because these limits are not satisfied, the soil should lastly be classified as follows:

SP: Poorly graded sands or gravelly sands, little or no fines.

Example 1-3

Required: To identify a given soil based on the sieve analysis indicated
in Table 1-5.

TABLE 1-5. Example 1-3: Sieve Analysis

Weight Retained Total Dry
on Each Sieve Weight Passing
Sieve Size/No. (2) (%)
3” 0 100
3/14” 412 77
No. 4 606 43
No. 10 155 35
No. 40 150 27
No. 200 202 15
Base 275 0

1800
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(a) An examination of the sample indicates no evidence of organic material.

(b) In this particular sample, 275 g are fine grained, and 1525 g are coarse
grained. The coarse fraction is then computed as a percentage of the total
dry weight:

1525
1300 = 100% = 85% > 50%
Therefore, the soil is first classified as coarse grained.

(c) The percentage of the coarse fraction retained on the No. 4 sieve is:

412 + 606

55 % 100% = 66% < 50%

Therefore, the soil is then classified as gravel.

(d) Because more than 12% of the sample passes a No. 200 sieve, a liquid
limit and plastic limit evaluation must be made on the soil fraction passing
a No. 40 sieve.

(e) A laboratory analysis provides the following information:

Liquid limit LL = 44%
Plastic limit PL = 32%
Plasticity index Pl = 12%

(f) The numerical values of liquid limit and plasticity index are plotted on
the plasticity chart of Figure 1-11. Because the intersection point of these
values falls below the A line, the soil should lastly be classified, according
to Figure 1-8§, as:

GM: Silty gravels, gravel-sand-silt mixture.

Example 1-4

Required: To identify a given soil based on the sieve analysis indicated
in Table 1-6.

(a) An examination of the sample indicates no evidence of organic material.

(b) In this particular sample, 280 g are fine grained, and 1520 g are coarse
grained. The coarse fraction is then computed as a percentage of the total
dry weight:

1520
1300 > 100% = 84% > 50%

Therefore, the soil is first classified as coarse grained.
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TABLE 1-6. Example 1-4: Sieve Analysis

Weight Retained Total Dry
on Each Sieve Weight Passing
Sieve No. (2) (%)
3” 0 100
3/14” 198 89
4 450 64
10 468 38
40 162 29
200 242 16
Base 280 0
1800

(c) The percentage of the coarse fraction retained on the No. 4 sieve is:

198 + 450

500 < 100% = 43% < 50%

Therefore, the soil is then classified as sand.

(d) Because more than 12% of the sample passes a No. 200 sieve, a liquid
limit and plastic limit evaluation must be made on the soil fraction passing
a No. 40 sieve.

(e) A laboratory analysis provides the following information:

Liquid limit LL = 42%
Plastic limit PL = 15%
Plasticity index Pl = 27%

(f) The numerical values of liquid limit and plasticity index are plotted on
the plasticity chart of Figure 1-11. Because the intersection point of these
values falls above the A line, the soil should lastly be classified, according
to Figure 1-8, as:

SC: Clayey sands, sand-clay mixtures.

Example 1-5

Required: To identify a given soil based on the sieve analysis indicated
in Table 1-7.

(a) An examination of the sample indicates no evidence of organic material.

(b) In this particular sample, 1152 g are fine grained, and 648 g are coarse
grained. The coarse fraction is then computed as a percentage of the total
dry weight:
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TABLE 1-7. Example 1-5: Sieve Analysis

Weight Retained Total Dry

on Each Sieve Weight Passing
Sieve Size/No. (2) (%)
3 inch 0 100
3/4 inch 0 100
No. 4 72 96
No. 10 126 89
No. 40 306 72
No. 200 144 64
Base 1152 0

1800
% x 100% = 36% < 50%

Therefore, the soil is first classified as fine grained.

(¢) A liquid limit and plastic limit evaluation must now be made on the
soil fraction passing a No. 40 sieve. A laboratory analysis provides the
following information:

Liquid limit LL = 48%
Plastic limit PL = 33%
Plasticity index PI = 15%

(d) The numerical values of liquid limit and plasticity index are plotted on
the plasticity chart of Figure 1-10. Because the intersection point of these
values falls below the A line, the soil should lastly be classified as follows:

ML.: Inorganic silts and very fine sands, rock flour, silty or clayey fine
sands, or clayey silts with slight plasticity.

Example 1-6
Required: To reevaluate the soil of Example 1-5, given a different

laboratory analysis:

Liquid limit LL = 55%
Plastic limit PL = 23%
Plasticity index PI = 32%

(d) The numerical values of liquid limit and plasticity index are plotted on
the plasticity chart. Because the intersection point of these values falls
above the A line, the soil should then be classified as follows:

CH: Inorganic clays of high plasticity, fat clays.
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Physical Properties of Soils

2-1. GENERAL

The physical properties of a soil give insight as to the identification of the soil
and the determination of its characteristics and load response. These properties
can be determined by performing a laboratory analysis on undisturbed soil samples
obtained during the test boring process, as described in Article 3-6. The laboratory
analysis should be performed in accordance with the following ASTM Standard:

ASTM Designation D-854: Test Method for Specific Gravity of Soils

It should be noted that laboratory analyses are performed under controlled
conditions with exacting materials and equipment. The results of such analyses
may be considered to be accurate.

A field sample of undisturbed soil will contain three separate and distinct constit-
uents: solids, water, and air. One of the important properties that must be determined
in the laboratory analysis is that of the weight-volume relationship of these constit-
uents. The makeup of this soil sample is illustrated as shown in Figure 2-1. In this
figure and in subsequent work the following nomenclature is used:

W = weight Subscripts: a = air

V = volume w = water
v = voids (air + water)
s = solids

Seven Step Procedure for Weight-
Volume Relationship of a Soil Sample

Step 1. Select the sample to be tested and determine its total volume V. The
units of volume are usually cubic feet.

28
C. L. Duncan Jr., Soils and Foundations for Architects and Engineers
© Kluwer Academic Publishers 1998



Physical Properties of Soils 29

Step 2. Weigh the sample to determine its weight W, in pounds. Note that this
weight includes both the weight of the water and the solid constituents.

Step 3. Determine the weight of the solid constituents W;. Oven dry the sample
at a constant temperature of 105 to 115°C. This will drive off all the free
water from the sample. If the sample contains any particles of clay, this drying
process will also remove any water molecularly bonded to those particles. The
sample remaining after the drying process consists solely of solid constituents
whose weight can now be determined.

Step 4. Determine the weight of water W, originally contained in the sample
by subtracting the weight of the solids from the original weight of the sample:

W, = W-—W,

Step 5. Now compute the volume of water V,, corresponding to the weight of
water found in Step 3. Remembering that density is the ratio of weight to
volume, and that the density of water is 62.4 pcf, then:

Wy

Vo = 604

Step 6. The volume of solids V; may be determined by placing the solids from
Step 3 into a container of known volume and filling the container with water
whose volume is carefully measured. The difference between these two vol-
umes represents the volume of the solids.

Step 7. The volume of air, if required, may be determined by subtracting the
known volumes of water and solids from the initial total volume.

These weights and volumes should be recorded on a soil diagram similar to
that depicted in Figure 2-1. They can then be used to determine important physical
properties of the in situ soil from which the undisturbed sample was obtained.

2-2. UNIT WEIGHT

Unit weight, symbolized by (y), is a term used to express the ratio of weight to
the corresponding volume and is computed numerically in pounds per cubic foot.

Y = unit weight = V_‘Ij pef

Synonymous with the term unit weight is density. These terms are interchange-
able. Unit weight is the term most frequently used in the laboratory, while density
is the term with which architects, engineers and contractors are more familiar.
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FIGURE 2-1. Weight-volume relationship of the constituents of a typical soil sample.

Soils generally contain air, water, and solids. By referring to Figure 2-1 the
unit weight of any soil can be computed as follows:

Wt W+ Wy W+ W, W, + W
T V4V +V, T Vo+V, Vv

2-1

Variation in Unit Weight as a Function of Water Content

The unit weight of any volume of soil can be dramatically altered by varying
the amount of water contained within it. Unit weights corresponding to three
different water contents are of importance to the soils engineer. These conditions,
as illustrated in Figure 2-2, are such that the volume of solids and the total
volume of soil remain the same, but the water content in each sample is varied.

Sample 1. This sample is representative of the condition which occurs when all
of the void normally filled with water has been replaced with air. The unit
weight of this sample, therefore, is its least possible weight. This weight is
called the dry weight and is symbolized by Yury.

— Water- —
— Water- — |
Solid Solids Solids
Sample 1 Sample 2 Sample 3
(Ygry) (Ynat) (Year)

FIGURE 2-2. The effect of variation in water content on a given sample of soil.
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Sample 2. This sample is representative of the in situ soil, which normally
consists of air, water and solids. This weight is called the natural or in situ
weight and is symbolized by Y, or simply by v.

Sample 3. This sample represents the condition which occurs when all of the
void normally filled with air has been replaced with water. The weight of this
sample, therefore, is its greatest possible weight. This unit weight is called
the saturated weight and is symbolized by 7,,. This weight can be determined
by adding water into the known volume until the voids are completely filled.
The weight of this sample divided by the original volume will give the saturated
unit weight.

Saturated and dry weights are important to the engineer because they provide
him with the range within which the weight of the in situ soil can vary under
the extreme conditions of flood and drought.

2-3. POROSITY

Porosity, symbolized by (n), is the term used to express the ratio of the volume
of voids to the total volume of the mass:

<=

n = porosity = (2-2)

Porosity is a property which depends on the physical characteristics of the soil
particles, including their size, shape, uniformity, and arrangement within the
mass. Because of the considerable influence that grain variation has on porosity,
this property is not a true indication of whether a sandy soil is loose or dense
or whether a clayey soil is soft or hard. These properties are discussed in detail
in other sections of the text. Porosity is, however, an important property indicator
of the permeability of the soil.

The permeability of various soils is given in Article 10-13. The importance
of this property in selecting a soil based on drainage characteristics is discussed
in Article 10-14.

2-4. VOID RATIO

Void ratio, symbolized by (e), is the term used to express the ratio of the volume
of voids to the volume of solids:

vy

e = void ratio = (2-3)

=
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Void ratio can also be expressed in terms of porosity, by substituting V — V,
for V; and dividing all of the terms by V. This results in:

. . n
e = void ratio = -7 2-4)

2-5. WATER CONTENT

Water content, symbolized by (w), is a term used to express, in percentage, the
ratio of the weight of water to the weight of solids.

w% = water content = % X 100% 2-5)

Synonymous with the term water content is moisture content. These terms are
interchangeable. Water content is the term most frequently used in the laboratory,
while moisture content is the term with which architects, engineers and contractors
are more familiar.

Closely related to water content is the degree of saturation (S), which expresses
in percent the volume of water to the volume of voids:

S% = degree of saturation = % x 100% (2-6)

2-6. SPECIFIC GRAVITY

Specific gravity, symbolized by the letter (G), is the term used to denote the
ratio of the weight of a substance to the weight of an equal volume of water:

G = specific gravity = 62‘1/\]

The specific gravity of the solid constituents of a soil is:

Gy = 2-7

The specific gravity of the solid constituents of a soil has been found to vary
between wide limits. The precise value can only be determined by laboratory
analysis. In the absence of such an analysis, the following values can be used
as reasonable approximations:



Physical Properties of Soils 33

TABLE 2-1. Physical Properties of Typical Soils in Natural State [Ref. 16]

Soil Description n e w% Yary Ysat
Uniform sand, loose 0.46 0.85 32 90 118
Uniform sand, dense 0.34 0.51 19 109 130
Mixed-grained sand, loose 0.40 0.67 25 99 124
Mixed-grained sand, dense 0.30 0.43 16 116 135
Glacial till, mixed-grained 0.20 0.25 9 132 145
Soft glacial clay 0.55 1.20 45 76 110
Stiff glacial clay 0.37 0.60 22 106 129
Soft, slightly organic clay 0.66 1.90 70 58 98
Soft, very organic clay 0.75 3.00 110 43 89
Soft bentonite 0.84 5.20 194 27 80

G, for sands and gravels: 2.65 to 2.68
G; for silts and clays: 2.58 to 2.75

2-7. REPRESENTATIVE VALUES OF
PHYSICAL PROPERTIES

Representation values of porosity, void ratio, water content, and unit weight for
several different kinds of soil are listed in Table 2-1.

2-8. RELATIVE DENSITY

Relative density, symbolized by (D,), is a property belonging exclusively to
coarse grained soils having no fines or having fines of insufficient quantity to
impart any measurable cohesion to the soil. One of the most important properties
of a coarse grained soil is its degree of compaction. This property exerts consider-
able influence on the ultimate bearing capacity and settlement characteristics of
a natural deposit of this kind of soil.

The degree of compaction is a representation of the unit weight of the soil. It
is the nature of soils that the unit weight of the solid constituents is greater than
that of water. The unit weight of the soil, therefore, will increase or decrease
depending upon the amount of solids contained within a given volume. Tightly
packed soils will contain more solids and will have less voids than a loosely
packed soil, given the same volume. The relative amount of solids contained
within the same volume for loosely and densely packed soils is illustrated in
Figure 2-3. Note that the term voids as used in Figure 2-3 may include both air
and water.

Sample 1. This sample is representative of a very loosely packed soil having
maximum voids. The void ratio is e,,. Note that maximum voids corresponds
to minimum possible density.



34 Soils and Foundations for Architects and Engineers
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FIGURE 2-3. The effect of variation in void ratio on a given sample of coarse
grained soil.

Sample 2. This sample is representative of the in situ soil. The void ratio is epy.

Sample 3. This sample is representative of a very tightly packed soil having
minimum voids. The void ratio is ey;,. Note that minimum voids corresponds
to maximum possible density.

Relative density is a term used to numerically compare the density of an in-
place natural or compacted soil with the densities representative of the same soil
in the extreme states of looseness and denseness. Relative density can be expressed
in terms of void ratio, as indicated:

Relative density = D, = <™=t » 100% (2-8)

'max - €min

Where
emax 18 the void ratio of the sample in its loosest state
ena 18 the void ratio of the sample in its natural state
emin 18 the void ratio of the sample in its densest state

By examining the upper and lower limits of Formula (2-8), it can be seen that
the relative density numerically approaches 0% for a very loose soil and 100%
for a very dense soil. It can also be seen that a soil with a relative density of
50% has a void ratio midway between the void ratios of the same soil in the
extreme state of looseness and denseness.

In order to compute the relative density of an in-place soil by the use of
Formula (2-8), it is necessary to determine the three previously described void
ratios. These ratios shall be based on measurements of weight and volume taken
in the laboratory on representative samples of in-place soil obtained from the
field. Such measurements shall be in accordance with Steps 1 through 6 of Article
2-1. Void ratios may then be computed in accordance with Article 2-4. Sample
1, representing the loosest possible state, is prepared by allowing the soil to
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TABLE 2-2. Representative Values of
Relative Density for Coarse
Grained Soils [Ref. 13]

Density
Description D% (pct)
Loose <35 <90
Medium 35-65 90-110
Dense 65-85 110-130
Very dense >85 >130

gently free fall into a container of known volume until such time that the container
is filled. Sample 3, representing the densest possible state, is prepared by packing
the soil into the container until the container will accept no more soil. Sample
2, representing the soil in its natural state, is evaluated by working on an undis-
turbed sample.

The numerical accuracy of the three required void ratios depends on the care
with which the tests are performed. In the test for the loosest state, the height
of free fall must be sufficient to allow for the free separation of the particles,
but it must not be so high that the particles compact while filling the container.
In the test for the densest state care must be taken to compact the soil in layers
and to thoroughly compact each layer.

Representative values of relative densities for various degrees of soil compac-
tion are given in Table 2-2.

Relative density is of primary importance in problems involving compaction
of coarse grained soils. That situation is discussed in detail in Article 12-6. In
that article there is a procedure whereby relative density can be computed using
unit weights (density), instead of void ratios.

2-9. UNCONFINED COMPRESSION
STRENGTH

Unconfined compression strength, symbolized by (g,), is a property belonging
exclusively to clay and to mixed grained soils of which clay is the predominant
fraction. This property relates to clay as the ultimate compression strength (f7)
relates to concrete. As in the case of concrete, this property can be estimated,
but its true value can be determined only by laboratory analysis. Unconfined
compression strength is of primary importance in the design of spread footings
because it is the determining factor in establishing the ultimate bearing strength
of the soil.

The required laboratory analysis is performed on an undisturbed sample of
clay whose height is usually 1'% to 2 times its diameter. The sample is subjected
to a compressive force of increasing intensity until failure occurs. Failure in this
test is defined as whichever of the following is the first to occur:
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a. literal breaking of the sample
b. a shortening of height equaling 15% axial strain

This procedure must be performed quickly otherwise moisture may permeate
out of the sample thereby invalidating the test. The unconfined compression
strength is found by dividing the load at failure by its cross sectional area. All
procedures in this analysis must be performed in accordance with the following
ASTM Standard:

ASTM Designation D-2166: Unconfined Compression Strength of
Cohesive Soil

The typical apparatus used in this test procedure is shown in Figure 2-4.
It should be of interest to note that literal failure of a sample during an
unconfined compression test is actually caused by shear rather than by direct

FIGURE 2-4. An unconfined compression test in progress.
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FIGURE 2-5. The result of the unconfined compression test of Figure 2-4, showing
mode of failure.

compression. This can be anticipated from Figure 2-4, where a failure on a
diagonal plane appears imminent. The same sample after failure, as shown in
Figure 2-5, confirms that failure occurred on a diagonal plane. This is representa-
tive of a failure due to shear.

2-10. CONSISTENCY

Consistency is a term applied to cohesive soils to describe the degree with which
a particular soil will resist deformation. The settlement of a building is directly
related to the deformation of the soil upon which it bears. If the soil did not
deform, there would be no settlement. The consistency of a soil, therefore, is a
measure of the load carrying ability of that soil. Comparative terms such as soft,
medium, stiff, and hard are in common usage, but it must be remembered that
these terms may have different meanings in different parts of the country.

It has been determined that for soils rich in clay, there is a definable correlation
between consistency and unconfined compression strength. This correlation is
given in Table 2-3.

2-11. SENSITIVITY

Sensitivity (Sy) relates to clay or to soils whose characteristics are those predomi-
nantly of clay. Sensitivity is the term used to measure the relative loss of strength
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TABLE 2-3. Quantitative Expressions for Consistency of Clays [Ref. 16]

Consistency Field Examination q, (tsf)

Very soft Easily penetrated several inches by fist <0.25

Soft Easily penetrated several inches by thumb 0.25-0.50

Medium Can be penetrated several inches by thumb with 0.50-1.00
moderate effort

Stiff Readily indented by thumb but penetrated only 1.00-2.00
with great effort

Very stiff Readily indented by thumbnail 2.00-4.00

Hard Indented with difficulty by thumbnail >4.00

experienced by a soil when subjected to a dynamic disturbance. Such a disturbance
can be of natural origin, as would occur during an earthquake, or can be man-
made, as would occur during the construction of a building.

Sensitivity is measured in the laboratory by running unconfined compression
tests on undisturbed samples and also on samples that have been remolded. The
purpose of remolding is to produce the same effect on the laboratory sample as
would be produced by a dynamic disturbance on an in situ soil mass. Remolding
is a term used to indicate the physical manipulation of a previously undisturbed
sample of clay by kneading and working it in the hands. Such a clay is referred
to as a remolded clay. When a sample of clay is remolded at a constant moisture
content it will become softer and easier to work.

Sensitivity may be expressed numerically as follows:

Sensitivity = S = q. of undisturbed sample
Y = 2= . of remolded sample

Sensitivity tests performed in the laboratory evaluate the relative loss in strength
of a sample after it has been remolded. A sensitivity factor of 1 indicates that
the strength of the remolded sample is equal to that of the undisturbed sample.
Therefore, there is no loss in strength in that particular soil. Sensitivity factors
of 2 to 4 are considered normal. Soils with higher sensitivity factors are at
progressively higher risk in the event of a dynamic disturbance. Highly sensitive
soils are referred to as quick. Such soils must be treated with care because any
kind of dynamic disturbance could cause the soil to transform, at least temporarily,
into a viscous liquid.

A loss in compression strength is always accompanied by a corresponding
loss in shear strength. For this reason highly sensitive soils are very prone to
landslide. This phenomenon can be particularly dangerous when excavating for
a building project within or adjacent to highly sensitive soils. Quick soils are
particularly susceptible to landslide due to a tendency on the part of the soil to
temporarily liquefy when subjected to sudden shock. There are recorded instances
of very quick soils experiencing treacherous landslides on very gentle slopes. It is
also noted that landslides occur quickly with little warning as to impending danger.
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In clays having high sensitivity, the particles are usually arranged in the form
of loose but relatively stable structures called flocs. The structure of the floc is
such that its volume is very large compared to that of the solid constituents.
Clays having a flocculent structure, therefore, can experience large decreases in
volume when subjected to shock or vibration. Soils consisting of highly sensitive
clays should never be used to provide either vertical or lateral support to any
part of a building structure because of the very real possibility of excessive
building settlement.

Sensitivity is an important consideration during the construction of a building
whenever the soil at the site or adjacent to the site is going to be subjected to any
kind of shock or vibration. This could occur in any number of situations, including:

1. The operation of heavy machinery during excavation

2. The use of dynamite to dislodge or breakup rock or large stones
3. The use of percussion drills when installing tie backs

4. The driving of timber or steel piles

Safety of materials and personnel during all construction processes is the
responsibility of the contractor. It is the responsibility of the architect and engi-
neer, however, to make all known site and subgrade information available to the
contractor. The contractor may, at his own expense, have additional test borings
and soil tests performed under his direction and for his own purpose.

2-12. ANGLE OF INTERNAL FRICTION

The angle of internal friction, symbolized by (¢), is one of the most important
physical properties of a coarse grained material. It is used extensively in the
theories relating to allowable soil bearing pressure, as developed in Chapter 5,
and to lateral earth pressure, as developed in Chapter 9.

This angle is a measurement of the ability of the coarse grained fraction of a
soil to resist shear through intergranular friction. The magnitude of this angle
depends on several factors, including the size, shape, and distribution of the
grains, as well as the moisture content and the degree of compaction. Laboratory
tests have shown that the angle of internal friction is larger for soils whose grains
are angular rather than rounded and is larger for soils having a wide range of
grain size rather than a uniformity of size. Mixed grained soils also exhibit a
measurable angle of internal friction, the magnitude of which depends upon the
ratio of coarse to fine grained fractions. The magnitude decreases as the percentage
of fines increases. A fine grained soil does not possess this property at all.

The magnitude of the angle of internal friction should be determined by
laboratory analysis performed on undisturbed samples of the actual soil in ques-
tion. These samples must truly reflect the same moisture content and degree of
compaction that will exist during service, otherwise such tests will be valueless.
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TABLE 2-4. Angle of Internal Friction for
Representative Coarse Grained
Soils [Ref. 13]

Soil Type Angle Range
Sand and gravel mixture 33-36°
Well graded sand 32-35°
Fine to medium sand 29-32°
Silty sand 27-32°
Nonplastic silt 26-30°

In the absence of a laboratory analysis, the angle of internal friction can be
approximated from the general information given in Table 2-4.

2-13. COHESION

Cohesion symbolized by (c), is a property by which particles of clay exhibit a
measurable amount of stickiness. It is this property by which these soils develop
resistance to shear. Soils exhibiting this property are referred to as cohesive soils.
Mixed grained soils having appreciable fines may also exhibit this property
although to a lesser degree.

The resistance to shear developed by cohesion is independent of any normal
force that may exist on the plane of rupture. Cohesive soils, therefore, develop
resistance to shear in a completely different way than do sands and gravels whose
resistance depends solely on the physical interlocking of the individual soil grains.

Cohesion is a molecular phenomenon unique to clay, in which each molecule
carries a tiny surface charge of electricity which attracts and holds the molecules
together. Cohesion can be thought of being much like a glue which produces
resistance to shear by bonding the surfaces together. Numerous tests have deter-
mined that the numerical value of cohesion can be taken as one-half of the
unconfined compression strength g, of the soil.

2-14. SAMPLE PROBLEMS
Example 2-1

Required: To determine the physical properties of a particular sample
of a coarse grained soil. This is an undisturbed sample and is representa-
tive of an in situ soil deposit. Determine the volume/weight relationship
of the soil using the procedure outlined in Article 2-1.
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Step 1. The volume V of the container is 1 CF.

Step 2. The weight W of the soil sample is 117.6 Ib.

Step 3. The weight W; of the solids of the oven dry sample is 105.0 1b.

Step 4. The weight W,, of water is 117.6 — 105.0 = 12.6 1b.

Step 5. The volume V,, of water is 12.6/62.4 = 0.202 CF.

Step 6. Using the same container as before, the volume of water required to fill
the container was measured as 0.370 CF. Then compute:

Volume of solids V; = 1.000 — 0.370 = 0.630 CF

Step 7. Volume of air V, = 1.000 — 0.202 — 0.630 = 0.168 CF

These results are indicated in Figure 2-6.

Volume (cf) Weight (#)
_ Water” — 0.168 Air 0.0
— — — —| 0.202 Water 12.6
X 0.630 Solids 105.0
Solids 1.000 > 117.6
%%

FIGURE 2-6. Example 2-1—Soil sample.

The physical properties of this soil are now computed:

117.6

Y= To00 = 117.6 pcf (2-1)
n=30 = 0370 2-2)
e= 8:—22% =0.587 2-3)
w = 11725‘% x 100% = 12.0% (2-5)
S= gg% x 100% = 54.6% (2-6)
G 105.0 2.67 2-7)

ST 624 % 0.630
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Example 2-2

Required: To determine the saturated and dry unit weights of the soil
previously analysed in Example 2-1. Referring to Figure 2-2:

Sample 1. In Step 3, all of the water was removed from the sample leaving only
the solids. The dry unit weight of this sample is, therefore:

Yary = 105.0 pcf

Sample 2. In Step 2 the unit weight of the in situ soil was found to be:
Yoar = 117.6 pcf

Sample 3. In Step 6 the volume of voids of the oven dry sample was found to
be 0.370 CF. The soil is saturated when this entire volume is filled with water.
The weight of this water is:

0.370 x 62.4 = 23.1#

The saturated weight of the sample is the sum of the solids and the water:
Year = 105.0 + 23.1 = 128.1 pcf

The results of these calculations are shown in Figure 2-7.

Sample 1 Sample 2 Sample 3
Air 0.0 0.0 0.0
Water 0.0 12.6 23.1
Solids  105.0 105.0 105.0
X 105.0 117.6 128.1

FIGURE 2-7. Example 2-2—Soil sample.
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Example 2-3

Required: To determine the relative density D, of the soil previously
analyzed in Example 2-1.

Two new samples of soil must be prepared. The container with the first sample
must be very loosely packed. The container with the second sample must be
very tightly packed. Then refer to Figure 2-3 and perform the indicated measure-
ments and calculations on each sample:

Loosely packed Tightly packed
Step 1. V 1.000 CF 1.000 CF
Step 3. W, 87.6 b 1133 1b (weighed)
Step 6. V, 0.474 CF 0.320 CF (measured)
Vi 0.526 CF 0.680 CF V-V)
e 0.901 max 0.471 min VJVy)

The results of this analysis are shown in Figure 2-8. The relative density of
the in situ soil is now computed using Formula (2-8):

. . 0.901 — 0.587
Relative density D, = m‘ x 100% = 73.0%

This soil can be classified as mid-range dense soil according to the terminology
of Table 2-2.

Relative density can also be computed by using unit weights instead of void
ratios. This alternate procedure is described in Article 12-6. In order to use this
alternate procedure, however, the weight W of the soil sample as determined in
Step 2 will be required.

Qéénds Solid
B

Sample 1 Sample 2 Sample 3
Voids 0.474 0.370 0.320
Solids 0.526 0.630 0.680
p) 1.000 1.000 1.000
e 0.901 0.587 0.471

FIGURE 2-8. Example 2-3—Soil sample.
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Example 2-4

Required: To determine the physical properties of a particular sample
of a saturated, fine grained soil. This is an undisturbed sample, and is
representative of an in situ soil deposit. Determine the volume/weight
relationship of this soil using the procedure outlined in Article 2-1.

Note. This is a saturated soil. All voids are filled with water.

Step 1. The volume V of the container is 1 CF.

Step 2. The weight W of the soil sample is 113.4 1b.

Step 3. The weight W, of the solids of the oven dry sample is 82.7 Ib.
Step 4. The weight W,, of water is 113.4 — 82.7 = 30.7 1b.

Step 5. The volume V,, of water is 30.7/62.4 = 0.492 CF.

Step 6. Water measurement is not required because soil is saturated.

Volume of solids V = 1.000 — 0.492 = 0.508 CF

These results are indicated in Figure 2-9.
The physical properties of this soil are now computed:

1134
7= 1000

0.492
" =1.000

0.492
= 0.508

w 222_:7/X 100% = 37.1%

S = 100% (saturated soil)

827
~ 62.4 x 0.508

= 113.4 pcf

= 0.492

e = 0.969

G, =2.61

—Water —

— Volume (cf) Weight (#)
0.492 Water 30.7
0.508 Solids 82.7

Solids 1.000 > 113.4

FIGURE 2-9. Example 2-4—Soil sample.

2-1)

(2-2)

(2-3)

(2-5)
(2-6)

-7
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Example 2-5

Required: To determine the density, void ratio and degree of saturation
of a particular in situ soil identified as a lean, stiff clay. The following
data were taken from a testing laboratory report.

Yay = 1064 pcf, G, =268, w=20.1%

The soil density is determined as follows:
Noting that Y4, = Wi:

106.4
Vs = m = 0.636 CF 2-7
V, = 1.000 - 0.636 = 0.364 CF
W, =0.201 x 1064 =214 1b (2-5)
214
Vi =257=0343 CF
Va=0.364 - 0.343 = 0.021 CF

These results are indicated in Figure 2-10.

LA

| — — Volume {(cf Weight (#)

_ Water__ 0.021 Air 0.0

— — — — 0.343 Water 214

></\< ) 0.636 Solids 106.4
Solids 1.000 > 127.8

FIGURE 2-10. Example 2-5—Soil sample.

The density of the in situ soil is therefore 127.8 pcf.
The void ratio and degree of saturation are computed as follows:

0.364

€= 5636 " 0.572 (2-3)
0.343

S= m x 100% = 94.2% (2-6)
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Subsurface Soil Exploration

3-1. PRELIMINARY INVESTIGATION OFSITE
General Considerations

At the earliest possible time during the development of a building project, the
architect, along with the engineer, should make a preliminary investigation of
the site. The purpose of this investigation is to acquaint both the architect and
engineer with conditions peculiar to that site. The investigation will give the
architect information as to site access, topography, and the existence of physical
barriers such as sharp drop-offs, lakes, or streams of running or stagnant water.

The architect must also determine whether public gas, electric, water, and
sewage disposal are available, and in what quantities. If public water is not
available, tests must be conducted to determine the depth to ground water and
whether the quantity and rate with which that water can be recovered is sufficient
for the needs of the proposed project. If public sewage is not available, the ability
of the site to accept on-site sewage disposal must be determined. When public
water and/or sewage is not available, a study must be made to determine the
environmental effect of drawing the large quantities of water required from the
ground water pool and of disposing similar quantities of sewage into the ground
through on-site disposal systems. These studies must be conducted in conjunction
with the appropriate governmental agencies.

On occasion the developer will ask for a preliminary investigation by the
architect before formally acquiring the land. There have been instances in which
the findings of such a preliminary investigation indicate that the land is unsuitable
for the purpose intended.
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Prior to going to the site, the architect should seek out and examine in detail all
known documentation regarding the site. This may include, but is not necessarily
limited to, the following general sources:

1. Maps. General area and large scale detail maps.

2. Aerial Photographs. These may be available from local utility companies
or from governmental sources. In special cases it may be considered desir-
able to recommend that the owner engage the services of an aerial photog-
rapher.

3. Satellite Imagery. This specialized information is readily available from
independent sources and from governmental agencies such as the Depart-
ment of Agriculture.

4. Geological Survey Maps. Produced by and available from the United States
Government, these maps are an excellent source of generalized information.

5. Soil Conservation Maps. Produced by and available from the United States
Department of Agriculture, these maps generally include information as to
the classifications of soils and their suitability for various uses.

6. Adjacent Site Investigations. Inquiries should be made to see if any similar
investigations have been made on sites near or adjacent to the site in
question.

7. Utilities. Local utility companies such as gas, electric, water, telephone,
etc., should be contacted regarding the existence of any underground utilities
on or near the site.

The architect should visit the site with camera in hand. He should walk the
entire site and should record all significant features. Particular attention should
be given to site access for the future work of surveyors, test borings, and,
ultimately, construction.

Some architects own a transit and use this at the site to obtain preliminary
information regarding general site topography. When a site has a very gentle
slope it can appear to be level. A transit will determine its true characteristics.
This investigation is in no way meant to replace the formal survey that is required
for all projects and which must be made by professional surveyors. If this survey
has already been made, the architect, of course, need not duplicate the work.

Portable Sampling Equipment

There are numerous times when the architect wants to make a very preliminary
exploration of the underlying soil. Several lightweight, portable drilling tools are
available to the architect for that purpose. These tools are easily operated by one
man and can conveniently be transported and stored in the trunk of a car.

The Iwan type auger, as illustrated in Figure 3-1, is sometimes referred to as
a post hole digger. It is a very effective hand operated drilling tool used in the
recovery of samples of earth. Its use, however, is limited to soils having sufficient
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FIGURE 3-1. Post hole auger, Iwan type, for procuring samples by hand.

cohesion that the side walls of the drill hole will not collapse. This auger is
usually equipped with a cutting blade having a 3-inch diameter. With favorable
soil conditions, samples can be recovered from depths of up to twenty-five
feet. The Iwan type auger is operated by pushing the cutting blade into the
ground while turning it as one would turn a screw. The sample is recovered
by lifting the auger out of the ground. Samples at lower depths can be
recovered by adding extensions to the auger shaft. The samples obtained by
using the Iwan auger will be somewhat chewed up but are usually adequate
for generalized identification.

The ship auger, as illustrated in Figure 3-2, is similar to the Iwan type auger
in ease of use and portability. It differs, however, in construction and use. The
drilling end of the ship auger is an open spiral screw having a usual diameter
of 2 inches. After drilling to the desired depth, the auger is lifted out of the
ground, and any material caught within the spiral will be brought to the surface
for examination. Although this auger can be drilled through granular material it
can only recover samples of cohesive soil.
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FIGURE 3-2. Ship auger, for procuring samples by hand. [Ref. 1]

Soil Examination by Test Pit

The architect will frequently request that the owner authorize the use of test pits
for preliminary site investigation. Test pits are open holes dug at the site for the
purpose of examining the soil in situ. These pits are preferably dug with a back-
hoe trencher, as illustrated in Figure 3-3.

The advantage of using a back-hoe, rather than digging a test pit by hand or
by clam shovel, is that this equipment is very quick, mobile, and versatile. It
will excavate a trench anywhere from 10 to 18 feet in depth, depending on the
equipment, and can extend the trench for any desired length. These open cuts
can be very helpful in giving a general indication of the different strata of soil
occurring within that depth.

When the excavation is made in granular material the side walls, of course,
will not stand unless shored. In this case the soil must be examined as it is



50 Soils and Foundations for Architects and Engineers

FIGURE 3-3. A backhoe in the process of cutting a trench for visual examination of
a soil profile. [Ref. 7]

brought to the surface by the back-hoe. Although this soil will be disturbed and
somewhat mixed, it will still give the engineer insight as to the character of the
soil and of its variation with depth.

Excavation in cohesive soil affords the engineer with the possibility of a hands-
on examination of the soil in an undisturbed condition, as indicated in Figure 3-4.
Once it has been established that the side walls will not collapse, the engineer
can climb down into the trench and more closely examine the exposed soil in
its natural state. Samples of the different materials encountered can be taken at
this time, if desired, and kept for future reference.

A word of caution: the architect or engineer in charge of the work should
make absolutely certain that all test pits are backfilled and reasonably compacted
before the work is ended for each day. He should see to this himself and not
rely on the intentions of others. No excavation should ever be permitted to remain
open overnight or unattended for any time whatsoever.

3-2. FIELD SURVEY

If the owner recently purchased the property, a field survey will have been made
immediately before legal transfer. Such a survey would have been required by



Subsurface Soil Exploration 51

FIGURE 3-4. A test pit in cohesive soil ready for examination.

the title company. If there is no record of such a survey or if an existing one is
considered to be out of date, then a new survey should be authorized.

If a new survey is required, the architect or his representative will interview
several licensed land surveyors who work in the general area of the site. After
a surveyor has been selected and placed under contract by the owner, the actual
field work will begin. The work should generally include the following:

1. Research and examination of available drawings and other documents perti-
nent to the work
2. A physical survey of the property
3. Preparation of a scaled and detailed drawing of the property, which will
include:
a. A mathematical description of the boundaries of the property, called a
metes and bounds
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b. A topography of the site showing contours and elevations relating to a
known and physically identifiable data

c. A layout of all existing barriers and obstructions, including those that
are of natural origin and those that are man-made

d. A layout of all known underground or overhead utilities

3-3. PRELIMINARY IDENTIFICATION
OF SOILS

Common Usage of Soil Terms

Soils are technically classified as coarse grained or fine grained, depending on
particle size. A coarse grained soil is essentially granular and this classification
is frequently referred to as a granular soil. Because the dominant grain size in
a granular soil is more likely to be sand, rather than gravel a soil having granular
characteristics, may be referred to as sand. The dominant characteristic of a fine
grained soil is cohesion. Fine grained soils, therefore, are frequently referred to
as cohesive soils. Because cohesion is a singular property of clay any soil
exhibiting a marked cohesion may loosely identified as a clay.

Visual Identification

The samples of earth recovered by the architect and engineer during their initial
exploration of the site can be used to identify the general composition of the soil
in terms of gravel, sand, silt and clay.

Sand and gravel are easy to visually identify because the individual particles
can readily be seen with the naked eye or with a small magnifying glass. Individual
particles of siit and clay, however, are much too small to be seen in this way
and, therefore, require other means of identification.

Soils that are predominantly silt or clay exhibit more of the individual properties
associated with the predominant material. For soils that are rich in silt or clay,
the following tests can be used to identify the soil from its individual properties.
These tests are relatively easy to perform and can be made in the field, while
the test pits are still open.

Touch Test

Silts and clays have a slightly different feel to the touch and, although not
conclusive, this test may be helpful in identifying the more prevalent material.
Silt is somewhat gritty to the touch and dusts off easily when dried on the hands.
Clay, when moist, has a tendency to be sticky and when dried on the hands does
not brush off easily.
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Dry Strength Test

This test is used to distinguish silts from clays by comparing the relative strengths
of dry samples.

A sample of soil is first allowed to dry in the air and is then broken into small
fragments that are pressed between the thumb and forefinger. Fragments that are
predominantly silt will break easily, but fragments of clay can be broken only
with much more effort.

Shaking Test

Silts are more permeable than clays. The shaking test is used to identify the soil
by means of its permeability characteristics.

A sample of soil is mixed with water into a very soft consistency in the palm
of the hand. As the back of the hand is lightly tapped from underneath, water
from within the soil will permeate to the surface. Then, when the sample is
manipulated with the fingers and remolded, the water will permeate back into
the soil. If the soil is primarily silt, the movement of water in each test will be
much quicker than if the soil is primarily clay. In the case of pure clay, there
will be little or no water activity.

Thread Test

The thread test is a test of plasticity, which is the property whereby a soil can
withstand large deformations without breaking. When a sample of moist soil
contains significant amounts of clay, it can be rolled out into a long, thin thread,
and when suspended between the fingers it will support its own weight. Silt, on
the other hand, can seldom be rolled out into a thread without severe cracking,
nor will it exhibit any measurable tensile strength.

Dispersion Test

This is a test of the relative time during which silt and clay particles will remain
in suspension. A sample of soil is thoroughly mixed with water and allowed to
settle. Silt, which consists of coarser microscopic particles, will settle out first,
while clay particles will remain in suspension for a much longer time.

Representative Test Results

The results which can generally be expected from performing the foregoing tests
on different kinds of soil are given in Table 3-1. These results can be used as
general guidelines in identifying soils that are rich either in silt or in clay.
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TABLE 3-1. The Response of Soils to Simple Field Tests [Ref. 16]

Sample Dry Strength Shaking Thread Dispersion
Sandy silt None Rapid None sec/min
Silt Low Rapid Weak min
Clayey silt Low/med Rapid/slow Medium min/hr
Sandy clay Low/high Slow/none Medium sec/hr
Silty clay Med/high Slow/none Medium min/hr
Clay High None Tough hr/days
Organic silt® Low/med Slow Weak min/hr
Organic clay® Med/high None Tough hr/days

“Silts and clays which contain even small quantities of organic matter are not acceptable bearing materials.
Test results for these soils have been given for reference only.

3-4. ENGINEERING INVESTIGATION
General

The foundations of a building or other structure cannot be properly designed nor
can they be cost effective without the benefit of an adequate investigation of the
soil beneath the site of the proposed construction. This investigation should
be authorized during the preliminary layout and planning stage of the project.
Unexpected adverse soil conditions could require change in the architectural
design and could also have a considerable effect on the cost projection of the
project. The extent of this investigation must be tailor-made for the particular
project. The responsibility for determining the extent and details of this investiga-
tion is normally delegated to the engineer who will ultimately be in charge of
the foundation design. In any given project the engineering specifications may
require the following work:

1. Test borings, including the recovery of undisturbed samples of soil and
rock, depths to bedrock, contours and the preparation of drawings and
descriptive logs of the work.

2. The installation of a perforated pipe in one or more of the bore holes and

the monitoring of the depth to ground water for an extended period of time.

Field tests, as required to verify compaction to the specifications.

Laboratory analyses of undisturbed samples of soil and rock.

5. A report by the soils engineer, which will include the resuits of field
and laboratory tests, and recommendations regarding bearing pressure and
general construction procedures.

w

All work should be performed by a soils engineer or testing laboratory under
contract with the owner. This company must work closely with the project
architect and engineer to ensure compliance with the intention of this work. The
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contract specifications should include a procedure whereby this work can be
changed in scope or in detail if conditions uncovered during the progress of the
work indicate the need for such a change. This is particularly important in the
case of the test borings because the exact number of holes and the total length
of drilling can only be estimated until the work is actually being performed. Unit
prices based on the addition or deletion of work can readily be agreed upon by
contractor and owner before signing the contract.

The results of this investigation will give the project architect and engineer a
detailed description of the site and will identify any unusual conditions which
may require the use of special design or construction techniques. Included in
this description will be recommendations as to allowable bearing pressures and
information as to the existence and control of ground water.

Laboratory Tests

The laboratory testing of undisturbed samples of soil and rock is an integral part
of any serious soils investigation and is used by the soils engineers to obtain the
information required to make a valued judgement of the characteristics of the
underlying soil or rock formations. The scope of information which can be
obtained through laboratory testing is listed below. It is from this list that the
engineer will determine the extent of the work to be performed under the basic
soils contract.

For all soils:

Identification, in accordance with USCS
General characteristics

Unit weight

Porosity

Void ratio

Water content

AN

For sands and gravels:

7. Angle of internal friction
8. Relative density

For silts and clays:

9. Unconfined compression strength

10. Cohesion

11. Sensitivity

12. Angle of internal friction (mixed-grained)
13. Shear strength
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For expansive soils (in addition to those required for silts and clays):

14. Liquid limit

15. Plastic limit

16. Shrinkage limit

17. Plasticity index

18. Unrestrained swelling test
19. Swelling-pressure test

For rock:

20. Identification

21. General characteristics

22. Fissures, joints and cracks

23. Surface or joint weathering

24. Unconfined compression strength
25. RQD (rock quality designation)

3-5. TEST BORINGS
General Considerations

Test borings are holes drilled into the ground for the purpose of exploring the
soils and rock formations that underlie the site of a proposed building. Test
borings should normally be placed in a square grid measuring approximately 50
feet on a side, and the grid should extend approximately 25 feet beyond the
extremities of the building. Borings should extend into the earth approximately
20 feet below the intended bearing elevation of the footings unless refusal is
encountered at a higher elevation.

The procedures used in the making of test borings vary, depending on the
kind of information required and whether the drilling is done in soil or in rock.
Borings in soil are called earth borings. Borings in rock are called core borings.

3-6. EARTH BORINGS

An earth boring is a method of soils exploration in which a small hole is drilled
into the ground for the purpose of recovering samples of soil for visual or
laboratory examination. Samples are obtained by driving a sampling device into
the undisturbed earth beneath the bottom of the hole. After the device has been
filled with earth it is brought to the surface, and the sample recovered. Samples
can consist of undisturbed soil or disturbed but representative soil depending
upon the method of procurement.

In order to determine the variation in soil with increased depth, specifications
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usually require samples to be recovered typically at 5-foot intervals and at obvious
changes in strata.
There are three methods by which earth borings are commonly made.

Method 1

In this method a section of 3- to 4-inch diameter hollow pipe called a casing is
driven into the ground by a falling weight. By adding sections and continuing
to drive, the pipe can be extended into the ground to almost unlimited depth.
After the casing is driven to the depth at which it is desired to recover a sample,
pressurized water is used to force the soil from the inside of the casing, thereby
creating an open hole. The flow of water must be carefully controlled so that
the soil below the casing will be disturbed as little as possible.

A sampling device is then lowered into the open hole and forced into the soil
beneath. Because the hole is cased, this method of sample procurement is applica-
ble to all kinds of soil. After the sample has been obtained and brought to the
surface the casing is driven to a new depth from which a new sample is obtained.
This process is repeated until the boring has reached the depth required by
contract or amendment.

Method 2

In this second method, a continuous flight auger is advanced into the ground
with a rotary drill, as illustrated in Figure 3-5. During this process the flights act
as a screw conveyor and brings the spoils to the surface where they may be
examined and then disposed. These spoils are very disturbed. They do, however,
give a generalized overview of the soil and, because of their orientation with
respect to the auger blades, they also give insight as to the variation in soil
throughout the auger depth.

It may or may not be possible to procure earth samples by the use of this
method. This can usually be determined by examining the spoils as they are
brought to the surface. Soils with strong cohesive properties will remain stable
when the auger is lifted out of the ground. This will result in an open hole. The
sampling device can then be inserted through the open hole and a sample recov-
ered. Note that the side walls of this hole may start to decay at any time. The
sampling work, therefore, should proceed expeditiously.

Soils exhibiting granular characteristics will collapse into the hole as the auger
is withdrawn. Samples in granular soils cannot be obtained.

Method 3

This method is similar to Method 2 in that a continuous flight auger is used. The
primary difference is that this auger is constructed with a hollow stem. After the
auger has been advanced to the depth at which a sample is required, the hollow
stem is cleared of soil by pressurized water. This stem provides an open hole
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FIGURE 3-5. A rotary drill advancing a continuous flight auger. [Ref. 1]

for access and protection against earth cavein as did the casing of Method 1.
The sampling device is then inserted through the stem into the undisturbed soil
beneath and the sample is taken.

This method incorporates the best of the other two methods in that the screw
conveyor effect brings spoils to the surface for visual examination, while the
hollow stem permits samples to be taken in any kind of coarse or mixed
grained soil.

One disadvantage to this method of augering is that a larger diameter auger
is required to provide for the hollow stem. This requires the use of heavier
machinery with a corresponding increase in cost.

Representative Samples

Representative samples, frequently called disturbed samples, can be obtained
from all kinds of soils, regardless of composition. This kind of sample is usually
obtained with a device called a split tube sampler, an example of which is shown
in Figure 3-6.

The split tube sampler is designed to open into two halves, thereby exposing
the recovered sample. These samples are representative of the material found at
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FIGURE 3-6. A split tube sampler, used for obtaining disturbed samples of granular
and cohesive soils. [Ref. 1]

the bottom of the hole, but they do not represent the soil in situ. These samples,
therefore, are of limited value for cohesive soils and are used primarily for the
general identification of the soil. Their real value is in the recovery of granular
soils where laboratory tests do not require undisturbed samples.

Split tube samplers are available in several different sizes. One of the more
frequently used samplers has a 2” outside diameter, a 1-3/8” inside diameter,
and a clear length of 18” within the barrel. In all probability the main reason for
the popularity of this particular sampler is that it is one of those specified for
use in the standard penetration test, described later in this article.

Undisturbed Samples

Undisturbed samples are required for the laboratory analysis of soils having
predominantly cohesive characteristics. Undisturbed samples may be obtained
with the use of either of the following samplers:

1. The first is a modified version of the previously illustrated split tube sampler.
This sampler is altered to house a thin wall liner. The sample is received
in the liner which is then removed from the split tube for sealing and
transportation to the testing laboratory.

2. The second is a thin wall tube sampler, a popular version of which is the
Shelby Tube pictured in Figure 3-7.

Thin wall tube samplers have steadily gained in popularity since their develop-
ment, and are now considered the industry standard for obtaining undisturbed
samples. Different sizes of thin wall tube samplers are available. One of the
more popular tube samplers has a 3” outside diameter, a 2-7/8” inside diameter
and a clear length of 18” within the barrel. These tubes are usually made of 16-
gauge, seamless steel tubing.

Ball check Thin-wall tube
|

PN
3

N\
#
N

FIGURE 3-7. A thin wall tube sampler, used for obtaining undisturbed samples of
cohesive soils. This sampler is frequently called a Shelby Tube. [Ref. 1]
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FIGURE 3-8. A box of undisturbed soil samples marked and ready for shipment.

With each kind of sampler it is important to protect the undisturbed samples
from loss of moisture. This is accomplished by cutting off several inches from
each end of the sample and filling the ends of the tube with hot wax or paraffin.
Each sample is then carefully marked and boxed for shipment to the testing
laboratory, as shown in Figure 3-8. Samples can also be transported in a dry-ice
refrigeration box that slows down the migration of fluids, when such sophistication
is required.

Standard Penetration Test

The standard penetration test, frequently abbreviated as SPT, is really a series
of individual tests that are performed during the test boring operation. The purpose
of this test is to provide insight as to the quantitative and relative strengths of
the soils occurring at various depths throughout the site. The terminology usually
associated with the resistance to penetration as indicated by this test is given in
Table 3-2.

In this test, a split tube sampler is driven into the ground below the bottom
of the bore hole using either of the two following combinations of driving energy
and size of sampler:

Weight of Hammer Height of Free Fall Outside Diameter of Sampler

3004 18” 2-172”
140# 30” 27
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TABLE 3-2. Correlation between Soil Resistance to Penetration and
Blow Count N [Ref. 20]

Sand Clay
(fairly reliable) (not as reliable)

Relative Density N Consistency N

Very loose 0-4 Very soft <2

Loose 4-10 Soft 2-4

Medium 10-30 Medium 4-8

Dense 30-50 Stiff 8-15

Very dense >50 Very stiff 15-30
Hard >30

Note: The blow count N is taken from the boring log.

In driving, a record is kept of the number of blows (N) required to advance
the sampler a measured distance of 12 inches. When making this test, the soil
directly below the hole may be somewhat disturbed, thereby invalidating blow
count readings taken within that height. To better ensure the validity of the
readings, the sampler is usually driven a distance of 18” below the bottom of
the hole but readings of the number of blows are only recorded for the last twelve
inches of driving.

N values serve an important function in determining safe values for bearing
pressure in the design of spread footings, and for skin friction in the design of
piles and piers. There are two instances, however, in which N values must be
modified before their use. One relates to the occurrence of ground water and the
other to release of overburden. These instances will be discussed in Article 3-7.

N values also serve an important function in providing approximate values for
the angle of internal friction of coarse grained and mixed grained soils. These
values are indicated in Figure 3-9.

Water Table, Perforated Pipe

The depth at which ground water is encountered is of great importance to any
soils exploration. There are several reasons for this:

1. The blow count N, as described in the standard penetration test, is a major
player in determining the strength of a soil in bearing, shear and in the control
of settlement. The presence of ground water will require a modification to
this blow count.

2. All occupied parts of the building below the water table must be water-
proofed, and must be designed to resist the lateral pressure exerted by the
ground water.

3. A high water table or deep excavation could cause serious problems with
buoyancy, even to necessitating a change in the architectural design of the
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FIGURE 3-9. Approximate correlation between the angle of internal friction and the
blow count N, for coarse grained soils. [Ref. 16]

building. Refer to Appendix F for information regarding the phenomenon
of buoyancy.

The water table may fluctuate dramatically from season to season and also
from drought to flood. In order to monitor the water table over an extended
period, a perforated pipe should be installed in at least two of the holes left by
the test borings. These pipes should extend to the bottom of the hole and should
be capped with an easily removable screw cap. With this arrangement the depth
to the water table can be monitored throughout the design stage of the project.
Changes in design, if indicated by changes in the water table, can be made at
this time.

3-7. MODIFICATIONS TO THE
BLOW COUNT N

Modification Due to Ground Water

Ground water is what you find when you dig a well. The water table is the
elevation of the surface of this water. The depth (D,,) is the distance to the water
table measured from grade. When speaking of ground water, we are usually
referring to the actual water and to the effect that it may have on adjacent or
immersed structural elements. Water table is the term more frequently used in
referring to an elevation or a depth.

For equal loading a footing bearing on saturated sand will settle more than a
footing on dry sand. Subject to the level at which the water table occurs, the N
values taken from the boring log should be modified by a correction factor (C,,).
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FIGURE 3-10. Blow count modification factor C,,, due to ground water, where the
depth to ground water, D,,, is measured from grade.

The effect of this modification will be to increase the required size of footing.
Only those blow counts that occur between the water table and an arbitrarily
chosen limit line should be reduced. The limit line is typically located at a
distance beneath the footing equal to the width of the footing. This condition,
and the modifications required by it, are indicated in Figure 3-10. Note that this
modification only applies to soils whose dominant fraction is sand.

Modification Due to the Release of Overburden

Blow counts quantitatively indicate the density of a sandy soil at the time when the
borings are made. Blow counts normally increase with depth, thereby indicating an
increase in density with a corresponding increase in bearing capacity and resis-
tance to settlement. During the construction of the building, however, it is quite
possible that the natural grade may be permanently lowered by reason of site
development, or by substantial excavation required for basements or other sub-
structures. In either event the overburden which existed at the time of the borings
will not exist at the time of construction. When the restraining weight of the
overburden is reduced the soil will rebound slightly, and there will be a corres-
ponding reduction in density. This reduction in density can be numerically antici-
pated by multiplying the blow counts by a correction factor (Cy), as expressed
in Formula (3-1). In this formula (pg) is the weight of overburden above the
elevation at which the blow count is to be modified.

40000

CNa =0.77 lOgl() [ ] <1.00 Maxb [Ref 16] (3—1)

a. See Table 3-3 for values where py 22000 psf

b. Limiting value as recommended by the author: when py <2000 psf, no
correction shall be made for the release of overburden
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TABLE 3-3. Blow Count Modification Cy
Due to Release of Overburden

Overburden p, — psf CN*
2,000 1.00
3,000 0.87
4,000 0.77
5,000 0.70
6,000 0.63
7,000 0.58
8,000 0.54

“Values in accordance with Formula (3-1).

As the density of the sand is decreased when overburden is removed, it is also
true that the density of the sand will be increased if overburden is added, as
could occur by reason of the architectural design of the building. A corresponding
increase in bearing capacity and resistance to settlement is therefore theoretically
indicated. It is the general practice, however, to ignore the resultant increase in
soil bearing capacity.

3-8. CORE BORINGS

In certain situations, it becomes necessary to carry the foundations down to
bedrock. This may be due to engineering requirements or to the architectural
design of the building. The usual reasons are as follows:

1. There is no satisfactory bearing material above the bedrock.

2. The weight of the building is so massive that adequate resistance in bearing
can not be provided except by bedrock.

3. Anchorage of the building into bedrock is made necessary due to uplift
caused by the overturning effect of wind or earthquake or to uplift caused
by hydrostatic pressure.

4. The excavation required for construction of the building is so deep that it
comes close to the surface of the bedrock or even extends into the bedrock.

When the foundations of a building bear on bedrock, it is necessary to determine
the physical characteristics of the rock upon which the building will bear. This
is accomplished by the procurement of rock samples through a process of core
borings. The same machinery that was used for the earth borings is used for the
core borings. The procedure is also similar in that a hollow casing is forced
down through the soil while the soil within the casing is periodically removed.
This casing, however, must be extended to refusal, defined as the point at which
continued driving of the casing does not result in further penetration. A drill rod,
fitted with a noncore recovery drill bit, is then used to extend the hole down into
the rock to a point just above where the sample is desired. The drill rod is then
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e
FIGURE 3-11. Drilling with a diamond core bit, for obtaining samples of hard rock.

brought to the surface and refitted with a core recovery barrel to which is attached
a diamond core bit. This bit is drilled into the rock for the depth of the core
barrel. The core is then recovered and brought to the surface. The equipment
used in the procurement of core borings is illustrated in Figure 3-11.

Core barrels and diamond core bits are readily available in a variety of different
designs and sizes. Proper selection depends primarily on the character of the
rock and the difficulty encountered in obtaining the samples. A common type of
diamond core bit is depicted in Figure 3-12. Although there are different types
of core barrels and diamond core bits, their diameters, and therefore the diameter
of the recovered samples, have been standardized by the industry. The more
frequently used diameters are given in Table 3-4.

The function of the diamond core bit is to cut an annular ring into the rock
for a depth of five feet. The five foot depth is used because this is the length of
sample required for future rock quality cvaluation. A cylindrical core of rock is
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FIGURE 3-12. Enlarged view of a diamond core bit. [Ref. 1]

TABLE 3-4. Standard Core Diameters”

Outside Diameter Diameter of
of Core Barrel Core Recovered
(in.) (in.)
1-1/72 7/8
1-7/8 1-1/8
2-3/8 1-5/8
2-15/16 2-1/8

“For W Group, M Design, by the Diamond Core Drill Manufacturers
Association.



Subsurface Soil Exploration 67

FIGURE 3-13. A typical core box, used to transport rock cores.

produced by the cutting action of the annular ring and is retained within the core
barrel. This core will have an overall length of five feet but may be broken into
several smaller pieces, some of which may even be badly chewed up. After the
core barrel is brought to the surface and opened, the pieces of rock are placed
in a core box, as shown in Figure 3-13.

It should be noted that it is very easy to inadvertently get the core turned
upside down, especially if it is broken in small pieces. It must be remembered
that the deepest part of the core comes out of the barrel first. The operators in
the field should be cautioned to make sure that the core is correctly labeled as
to top and bottom.

Core samples are ultimately delivered to the testing laboratory, where the
strength and quality of the rock is evaluated, and bearing pressures are established.
The testing and evaluation of rock is discussed in Chapter 14.

3-9. TYPICAL TEST BORING LOG

The log of a typical test boring is shown in Figure 3-14. The information shown
on the log and described herein is representative of the type of information found
on most test boring logs.
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Samples Depth Description N
0.0
A GRAVEL fill,loose, moist
2.5 19
B CLAY low plasticity, soft,
5.0 moist, sandy throughout, 9
C 75 reddish brown to rust 10
D ’ SAND fine to coarse grained,
10.0 loose to medium dense, 15
moist, clayey with soft
E 12.5 reddish brown seams 12
] 150 water 1
F g 175 ¥ 10
] 200 9
G & 22.5 SAND fine to coarse grained, 2
loose to medium dense to
% 25.0 dense, wet, clayey 3
] throughout, with soft light
H 275 gray to yellowish brown 6
] 30.0 seams noted throughout, 4
) tan to gray to rust with
1 325 reddish brown zones 4
35.0 4
7
1 375 5
CLAY fow to medium plasticity,
40.0 soft to stiff, wet,p gray v 22
425 SAND fine to coarse grained, 24
loose to medium dense, wet,
45.0 clayey, tan to light gray 10
M 475 to rust in zones 35
N 50.0 CLAY low plasticity, soft, wet

FIGURE 3-14. Boring log of hole No. 8 A2S-2958, Fort Polk. [Ref. 22]

with the depth at which the blows were measured

The depth at which there was a pronounced change in the character of the
soil, the general classification of the soil within each of the different stratas,
and a detailed description of the physical properties of the soil, as identified

by sight, touch, and smell

The depth and designation of representative samples obtained during the

test for further examination by others
The depth of ground water, if encountered

Elevation of bedrock, if borings were extended to that depth

Properties and characteristics of bedrock, when required

. The N values (blow count) taken from the standard penetration test along
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The indicated test boring was made by the Army Corps of Engineers for a
Consolidated Supply Facility located at Fort Polk, under the date 9/19/88. Certain
miscellaneous information has been omitted for brevity.

3-10. GEOLOGIC DESCRIPTION OF SITE

Test borings show only those subsurface features that occur at the immediate
location of the boring. When borings are purposely laid out on a grid it is possible
to obtain an overall description of the site by drawing a section through the
various grids. One such section, taken from a project of which the author was
the design engineer, is illustrated in Figure 3-15. The following information will
assist in interpreting the contents of this figure.

1. F = Miscellaneous fill
C = Medium to stiff brown and gray silty clay and clayey silt, with traces
of fine sand and occasional organic material
S =Medium compact to very compact brown and gray silty sand and gravel,
with traces of silt
B = Bedrock, relatively sound, slightly fractured, slightly weathered gray

gneiss
105 106
El. 319 El. 32.0 El. 34.1 El. 31.1
R
+30 17 F10°
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Y H
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T o | 21 11 69—
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S _jo—— |8 12 6
> H I—
3 162 e
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H 74
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FIGURE 3-15. A geologic section taken through the site of one of the author’s projects.
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2. Numbers shown to the right of each boring are the blow counts recorded
at those elevations during a standard penetration test; those to the left are
the percentage of core recovery.

3-11. SAMPLE PROBLEMS
Example 3-1

Required: To determine the effect of ground water on the blow counts
recorded during a standard penetration test.

Given: A 12-foot-square footing bears on a coarse grained soil of
increased density with depth. The bottom of the footing is 4 feet below
grade. The depth to ground water is 6 feet. Blow counts as given in
Figure 3-16.

Refer back to Figure 3-11. Ground water occurs in level 4; therefore:

Cy = [%] 0.50 + 0.50 = 0.58

Only those blow counts that occur between the water table and the limit line
are affected by ground water. For this particular example this will include all
blow counts recorded from 6 to 16 feet below grade. This work is shown in
Table 3-5.

) /Qsmde
Dapth {11} N
- P ?x{m&,w ; el ¢ o 2 @
P ¢ 120" footing
e
P i B 48
5 it
o Grouned watsy
e (T
10 -0
--------------------------- —15 - 38
,,?i'.. mwj’p
e Limit fing
,,,,,,,,,,,,,,,,,,, ORIty SRSt |

FIGURE 3-16. Example 3-1—Effect of ground water on blow count.
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TABLE 3-5. Example 3-1—Blow Count
Modification C,,

Depth Ne Cs NP
0 2 — 2
5 18 — 18

10 26 0.58 15

15 38 0.58 22

20 41 — 41

“Blow count taken from boring log.
5Blow count modified to account for the effect of
ground water.

Example 3-2

Required: To determine the effect of future excavation on the blow

counts recorded during a standard penetration test.

Given: The profile of the site as it presently exists and a profile of the
intended future construction, as illustrated in Figure 3-17.

Present grade

Depth (ft.) N
A
e / / — 5 6
Soil “a””
// / —10 12
25’
—15 14
s tf;uture \t
\\ \asemen\ \\ — 20 18
Soil “b” - \\ i\\\ \\\ — 25 22
L—-—- NN 36
AN \ \
-— 35 34
—40 38
/
Soil “c” — a5 49
58

7// 7 // ////—50

FIGURE 3-17. Example 3-2—Effect of excavation on blow count.
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Soil properties are as follows:

Soil a—loose, gray sand, y = 115 pcf
Soil b—medium sand with traces of gravel, y = 126 pcf
Soil c—dense sand and gravel, mixed, y = 132 pcf

Although blow counts from depth O to 25 experience a release in overburden,
these blow counts do not enter into the design computations relative to footing
capacity. They will, therefore, not be modified.

The depth of excavation required for construction of the footing is 30 feet, of
which 5 feet will be replaced in order to construct the basement slab. The effective
overburden to be removed, therefore, is 25 feet.

The weight of overburden py = 115 x 15 + 126 X 10 = 2985 psf
From Table 3-3: Cy = 0.87
The use of this coefficient is shown in Table 3-6.

TABLE 3-6. Example 3-2—Blow Count
Modification Cy

Depth Ne Cy NP
30 36 0.87 31
35 34 0.87 29
40 38 0.87 33
45 49 0.87 43
50 58 0.87 50

“Blow count taken from boring log.
bBlow count modified to account for the release of
overburden.
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Shear Strength of Soils

4-1.

INTRODUCTION

Shear may be defined as the tendency of one part of a soil mass to slide with
respect to the other. This tendency occurs on all planes throughout the soil mass.
The singular plane of interest, however, is the plane of potential failure, called
the plane of rupture.

Shear strength, as measured along this plane of interest, is the ability of the
soil to resist the occurrence of a shear failure between the soils above and below
the plane. All soils have the ability to develop strength in shear. Different soil
groups develop this strength in different ways.

1.

In sands and gravels this resistance is due to the physical interlocking of
the soil particles, and is referred to as intergranular friction. Because this
resistance is one of friction, its magnitude is a function of the particular
details of the interlocking between the particles, and on the pressure of
contact acting normal to the plane upon which shear is being considered.
This resistance, then, is analogous to that developed by two pieces of rough
sand paper when pressed together.

In cohesive soils there is very little, if any interlocking between the particles.
The resistance to shear developed by these soils is primarily due to cohesion,
which may be defined as a molecular force of attraction between particles.
This resistance is analogous to that which would be exhibited between two
sticky surfaces.

In mixed grained soils the resistance is equal to the combined action of
friction, provided by the granular fraction of the soil, and cohesion, provided
by the cohesive fraction of the soil.
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The magnitude of shear strength is of primary importance in the consideration
of the following areas of foundation design:

1. Ultimate bearing capacity for spread footings

2. Frictional resistance for piles and piers

3. Stability of slopes

4. Determination of the lateral earth pressure exerted on a retaining wall

These considerations will be addressed in subsequent chapters.

Note: Shear strength, when related to soil, has many names. It is also
referred to as shear capacity, resistance to shear, or friction.

4-2. THE COULOMB EQUATION FOR
SHEAR RESISTANCE

The unit resistance to shear which may be developed along the plane of rupture
by any soil can be determined analytically by the following equation, as proposed
by C.A. Coulomb, a French scientist, in his theory on earth pressures, published
in 1773:

s=c+ptan ¢ — psf 4-1)

In which:

s = the unit resistance to shear developed by the combined action of
cohesion and friction

¢ = that part of the resistance due to cohesion, and is attributable to the
fine grained fraction of the soil

p = the pressure acting normal to the plane of rupture

¢ = the angle of internal friction

¢ = that part of the resistance due to friction, and is attributable to the
coarse grained fraction of the soil

The unit resistance to shear, as determined by the Coulomb equation, is depen-
dent upon the classification of the soil. Granular soils develop their resistance
through friction, while clay soils develop theirs through cohesion. The resistance
developed by a mixed grained soil will be the sum of the separate parts. The
difference in resistance as a function of soil classification is illustrated graphically
in Figure 4-1.

4-3. TESTS FOR SHEAR STRENGTH

The ability of a soil to support vertical loads and to resist the sliding effect of
lateral loads is governed to a large extent by the shear strength of the soil. It is
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FIGURE 4-1. Graphic illustration of the Coulomb equation for shear resistance of
different kinds of soil.

therefore important to determine accurately the shear strength of soils situated
beneath and in close proximity to the proposed construction. There are several
field and laboratory tests by which shear strength can be determined with reason-
able accuracy:

1. Vane shear tests, taken in the field on undisturbed soil
2. Direct shear tests, performed in the laboratory
3. Triaxial compression tests, performed in the laboratory

4-4. VANE SHEAR TEST

The vane shear test is a field test whose use is limited to the testing of cohesive
soils. It is unreliable for clays containing any appreciable amount of silt or sand,
and cannot be used on coarse grained soils.

Vane shear testing, however, is a procedure that will provide immediate and
accurate results when conducted properly by trained personnel using good equip-
ment. Representative vanes and a schematic diagram of a test in progress are
illustrated in Figure 4-2. Procedures for this test are governed by the following
ASTM Standard:

ASTM Designation D-2573: Field Vane Shear Test in Cohesive Soil

This test requires the installation of a casing similar to that which would be
used in a test boring. The soil that accumulates within the casing must be removed
before proceeding with the work. The cleaning out process must be carefully
performed, so as not to disturb the soil beneath. A clean-out auger is recommended
for this purpose.

To perform this test, the vane is pushed into the soil below the casing, being
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FIGURE 4-2. Vane shear apparatus. [Ref. 1]

careful to disturb the soil as little as possible. The vane is then slowly rotated
with a very accurately calibrated torque wrench until the soil fails. The shear
strength of that particular soil is then read off of a shear torque chart, which
correlates the shear strength of the soil in pounds per square inch to the torque
reading at the time of failure. There are separate charts for vanes of different
diameters and lengths.

Because of its inherent accuracy and simplicity of operation, vane shear testing
can be used as the primary source of the shear strength evaluation of a cohesive
soil. Undisturbed samples tested in the laboratory can be used as a secondary
source and as confirmation of the field test results.

4-5. DIRECT SHEAR TEST

The direct shear test may be performed in the laboratory on the following
types soil:

a. Undisturbed samples of a cohesive soil

b. Representative (disturbed) samples of coarse or mixed grained soils, pro-
vided that the sample is compacted before testing to the density and void
ratio of the soil it represents

This test is governed by the following ASTM Standard:
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ASTM Designation D-3080: Direct Shear Test of Soils Under Consoli-
dated Drained Conditions

This test will establish the variation in shear strength of the soil on a given
plane as a function of the pressure applied normal to the plane. It will also
determine the angle of internal friction and unit cohesion of the soil.

In this test a sample of soil of known area is held in a container which is split
horizontally into two sections. The lower section of the container is held in
position, while the upper part is subjected to a lateral shear force. During this
test, the sample is also subjected to a force acting normal to the plane of shear.
While this normal force is held constant, the shear force is steadily increased
until failure occurs. The forces acting at the time of failure are recorded, and
from these the normal stress p and the shear stress v are computed. This sample
is then discarded, and the test is repeated several times using a new sample for
each test. The results of these tests can then be plotted, using the normal stress
on the abscissa and the shear stress on the ordinate. The resulting graph will
approximate a straight line, and will correspond to one of the lines previously
illustrated in Figure 4-1. Note that the magnitude of the angle of internal friction
and the unit cohesion can be measured directly from this graph.

It is inherent to this test that the sample fail on a horizontal plane. For purely
cohesive soils, the maximum induced shear will occur on this plane, but for
granular and mixed grained soils the maximum shear will occur on some other
plane. It should be remembered that the plane upon which the maximum shear
1s induced is not necessarily the plane upon which rupture will occur. The triaxial
compression test, as discussed in the next article, is designed to permit the sample
to fail along the plane on which the induced shear exceeds the capacity of the
soil in resistance to shear, regardless of orientation.

4-6. TRIAXIAL COMPRESSION TEST
General Procedure

The triaxial compression test may be performed in the laboratory on the following
types of soil:

a. Undisturbed samples of a cohesive soil

b. Remolded samples of a cohesive soil, provided that the void ratio and water
content remain unchanged

c. Representative (disturbed) samples of coarse or mixed grained soils, pro-
vided that the sample is compacted before testing to the density and water
content of the soil it represents

This test must be performed in accordance with the following ASTM Standard:

ASTM Designation D-2850: Undrained Compression Strength of Cohe-
sive Soils in Triaxial Compression
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Before testing, the sample is encased in a flexible membrane, usually made
of rubber. The sample is then enclosed within a cylindrical device which permits
the operator to subject the sample to an all-around confining pressure by the
introduction of pressurized air or water into the chamber. The chamber is also
constructed so as to allow an additional vertical pressure to be gradually applied
axially to the sample.

The test is conducted by holding the all-around confining pressure constant
while steadily increasing the overall vertical pressure applied axially to the
sample. The general test setup and the pressures applied to the sample during
this test are indicated diagramatically in Figure 4-3, in which:

p3 = the all-around confining pressure
p> = the additional axial pressure
p1 = the resultant vertical pressure = p3 + p»

The pressures occurring at the time of failure are recorded. The sample is then
discarded and the test is repeated several times using a new sample for each test.
As previously noted, this test is constructed in such a way to allow failure to
occur on the plane where the induced shearing stress exceeds the capacity of the
soil in shear resistance. This plane of rupture, signified by the line AB, is identified

+
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—_— | 4_ Soil sample
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——p | Potential '- < membrane
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—> |/ | —
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+ =
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FIGURE 4-3. Triaxial compression test showing test pressures and assumed Plane of
failure AB.



Shear Strength of Soils 79

by the angle (i). This angle may be defined as the angle of rupture. The reader
should note the similarity between this mode of failure and the one previously
indicated in Figures 2-4 and 2-5.

Mathematical Analysis of the plane AB

The geometry of the reference plane and the forces acting on it are shown in
Figure 4-4, the four parts of which represent the following:

p dscosi

L b

—>
—>
g £
- s 5
% 8 —> Reference plane
12} , (]
® i e =
A
a) Geometry b) Test forces acting on the upper surface
vds
/ 2
[]
\ 9 li
[7)]
T
/ \ «
\ ; pdssini
/ \ pds o
©
>
\ v ds cos i
¢) Reaction forces acting on the d) Horizontal and vertical components of the
lower surface p ds and v ds forces

FIGURE 4-4. Criteria for the analysis of the reference Plane AB.

Figure 4-4(a). This indicates the geometry of the plane, assuming one unit of
width into the plane. The lines specified, therefore, are representative of areas.

Figure 4-4(b). These are the external forces acting on the plane due to the test
pressures p; and p;. These forces act on the upper surface of the plane and
tend to induce the sliding failure that was indicated on Figure 4-3.
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Figure 4-4(c). These are the internal forces acting on the lower surface of the
plane and developed by the sample in response to the induced sliding action.
As long as these forces provide adequate shearing resistance, failure will
not occur.

Figure 4-4(d). These are the horizontal and vertical components of the internal
forces indicated in Figure 4-4(c).

Before failure, the forces acting on the plane must be in equilibrium, therefore:

ForZH:O p3ds Sini+vdsCosi—pdsSini=0
ForZV:O pyds Cosi—vdsSini—pdsCosi=0

In which:
p is the confining pressure, acting normal to the plane
and: v is the induced shear stress, acting parallel to the plane

Note that p and v are both resultant pressures, produced by the action of the
pressure applied during the test program.

The above equations are then solved simultaneously to obtain formulas isolating
p and v. The resulting formulas demonstrate the dependency of each value on
the angle i.

p =05 (p; +p3) + 0.5 (p; — p3) cos 2i (4-2)
v =105 (py - p3) sin 2i (4-3)

Pressure Variations as a Function of the Angle i

Numerical values of p and v can be computed using formulas (4-2) and (4-3).
As an example of the method, values for p and v will be computed, assuming
that p; = 400 psf and p, = 2200 psf.

With the pressures p; and p; being held constant, the values of p and v depend
solely upon the angle i.

For purposes of illustration, assume that angle i = 15°:

p = 0.5 (2200 + 400) + 0.5 (2200 — 400) cos 30° = 2079 psf  (4-2)
v = 0.5 (2200 — 400) sin 30° = 450 psf 4-3)

New values of p and v are computed, using angle values of 30°, 45°, 60°, 75°,
and 90°. The results are recorded in Table 4-1 and plotted in Figure 4-5.

The table and figure values indicate that the maximum shearing stress occurs
on the oblique plane for which the angle i equals 45°. It must be noted, however,
that this does not necessarily mean that the plane of rupture occurs at this angle.
This will require further consideration.
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TABLE 4-1. Computed Values of p and
v on Reference Plane AB
from Formulas (4-2)

and (4-3)

i° 2i° 14 v

0 0 2200 0
15 30 2079 450
30 60 1750 779
45 90 1300 900
60 120 850 779
75 150 521 450
90 180 400 0

Note: Units of p and v are psf.

An examination of Figure 4-5 suggests that these points all lie on a circle
having a radius of:

R =05 (p1 - p3)
and whose origin is at p = p3 + 0.5 (p; — p3) = 0.5 (p, + p3)

It can be demonstrated mathematically that these points do, in fact, form a
circle. It can also be shown geometrically that the central angle, when measured
counterclockwise from the horizontal axis to the radial line intersecting the point
(p, v), if equal to 2i. The proof of these statements is given in Appendix H.

v A 45°

—>
p
Py =
—

p1 = 2,200

FIGURE 4-5. Locus of points (p,v) for various orientations of the Reference Plane AB
as defined by the angle i.
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4-7. MOHR'’S CIRCLE OF STRESS
Purpose

Mohr’s circle of stress is a procedure used in conjunction with the triaxial
compression test for the purpose of determining the following values:

The angle of internal friction (¢) of the soil

The unit cohesion (c) of the soil

The unique value of the angle (i) that defines the plane of rupture

The normal pressure (p) and shear stress (v) induced onto the plane of rupture
Similar values for (p) and (v) induced onto any other plane of interest

Nk WD -

This procedure does not lend itself to an analytic solution. All work is done
graphically.

Construction of Mohr’s Circle

Points A and B are laid out on the horizontal axis using the numerical value of
the test pressures p; and p,. Point C is marked midway between points A and
B. Using point C as the center of a circle, draw a semicircle using a radius equal
to 0.5 p,. Mark a general point D, the point of maximum shearing stress E and
the angles i and 2i. This is shown in Figure 4-6.

Point of maximum shear

v General point

() v)\

Semicircle

K
>

FIGURE 4-6. Construction of Mohr’s circle of stress.
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The horizontal and vertical coordinates of any general point D on the circle
represent the normal and shearing pressures induced on the plane identified by
the angle i.

The Use of Mohr’s Circle

When plotted to scale, Mohr’s circle enables the reader to graphically obtain the
magnitude of the shear stress induced on any specified plane of interest as
identified by an assumed angle i. Our usual interest, however, is in determining
the unique value of i that identifies the actual plane of rupture, from which the
shear induced at failure can be computed.

An examination of Figure 4-6 shows that the maximum shear occurs at point
E on the oblique plane for which the angle i is 45°. Maximum shear, as noted
previously, does not necessarily mean that the plane of rupture occurs at that
angle. It will be seen that the angle of rupture is solely dependent upon the angle
of internal friction of the particular soil being tested.

The angle of internal friction may be found by plotting the results of a series
of tests relating to the same soil. This is shown in Figure 4-7, which provides
the following information:

1. The angle of internal friction, which is defined by the line drawn tangent
to the test circles

2. The cohesion, defined as the shear at which the tangent line meets the
vertical axis

3. The orientation of the plane of rupture, as identified by the angle i

4. The normal pressure (p) and shear stress (v) induced onto the plane of rupture

The tangent line, as drawn in Figure 4-6, is representative of a mixed grained
soil. The tangent line of purely granular soils and purely cohesive soils will have
a different orientation. This was previously demonstrated in Figure 4-1.

4-8. NUMERICAL DETERMINATION OF
THE ANGLE OF RUPTURE

The plane of rupture, as identified in Figure 4-3, is defined by the angle i,
measured from the horizontal. The magnitude of this angle may be determined
by referring to Test No. 3 in Figure 4-7 and applying the following identity:

2i = 180° — (90° — ¢) = 90° + ¢
¢

Therefore: { = 45° + 5 (4-4)

The plane of rupture, therefore, may be defined by the above angle.
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—— o — -
Test 1 Test2 Test3

FIGURE 4-7. Plot of a series of Mohr’s circles.

Note: In Article 9-5, the plane of rupture was defined by the angle
(o), measured from the vertical. The sum of these two angles is 90°.
Therefore, these different methods of angle identification are com-
patible.

A Word of Caution

In Figures 4-6 and 4-7, the point (p,v) identifies the normal pressure and shear
stress induced on the plane defined by the angle i. In Figure 4-6, the point is a
perfectly general point, and the angle does not necessarily define the plane of
rupture. In Figure 4-7, however, the point (p,v) is intersected by the tangent line
whose angle defines the angle of internal friction. The unique angle i that intersects
this point of tangency is the true angle of rupture, and the stresses given are
those that occur on the plane of rupture.

4-9. SAMPLE PROBLEMS
Example 4-1—Direct Shear Test

A direct shear test consisting of three separate tests was run on a mixed grained
soil. The results of this test are as follows:

Applied Normal Stress p Resultant Shear Stress
Test No. (psf) v (psf)
1 400 1435
2 600 1506

3 1000 1680
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0 500 1,000 p
FIGURE 4-8. Example 4-1—Direct shear test.

Required: To determine the angle of internal friction and the cohesion
of this soil, using the procedures described in Article 4-5.

The test results are plotted graphically on Figure 4-8. From this figure the
following information may be obtained graphically:

0 =24° ¢ =1230 psf

More accurate values could have been obtained analytically, but one of the
advantages of this test is that it lends itself so easily to the graphic solution.
Example 4-2—Mohr’s Circle of Stress

A triaxial compression test consisting of three separate tests was run on a
mixed grained soil. The results of this test are as follows:

Confining Additional Axial Resultant Axial
Pressure p; Pressure p; Pressure p,
Test No. (ksf) (ksf) (ksf)
1 1.0 3.7 4.7
2 2.0 4.9 6.9
3 4.0 7.0 11.0

Required: To determine the angle of internal friction and the cohesion
of this soil, using the procedures described in Article 4-7.

The test results are plotted graphically in Figure 4-9, using the concept of
Mohr’s circle of stress. From Figure 4-9, the following information is readily
obtained by scale:

0 =20° ¢ = 0.9 ksf
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FIGURE 4-9. Example 4-2—Mohr’s circle of stress.

If it were additionally required to determine the angle of rupture, the angle i
could be measured from any one of the three circles, or it could be calculated
by using Formula (4-4). Using either method, i = 55°.
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Allowable Soil
Bearing Pressure

5-1. GENERAL DESIGN CONSIDERATIONS

This chapter provides design criteria for shallow foundations, commonly referred
to as spread footings. Design criteria for deep foundations (piles, piers, and
caissions) is addressed in Chapter 8. Details relative to the construction of spread
footings is given in Chapter 7.

It is very difficult to predict accurately the way in which a footing will respond
to the loads imposed upon it. There are many intangibles, not the least of which
is that an earth mass is rarely homogeneous. Even the thick beds of sand and
gravel found along most of the coastlines are not truly homogeneous. Soils are
almost invariably mixed-grained with each material imparting its own individual
characteristics to the mass. Soils may also be layered with each layer having
different characteristics and responding differently to the loads to which it is sub-
jected.

Other intangibles include the effects of intermittent loading due to live load,
dynamic loading due to wind or earthquake, the possible rise or fall in the water
table over a number of years and the potentially destabilizing effect of future
construction in close proximity to the site.

The engineer in charge of the design of the foundations must recognize the
many intangibles involved. Foundation design is an art as well as a science.
Foundations cannot be adequately designed nor can they be cost effective unless
the engineer can combine the proper mixture of theory, experience and intuition
into all his work.

The first step in the design of a spread footing is to determine the allowable
bearing pressure for which the footing shall be designed. This is the pressure
that will exist on the contact surface between the footing and the soil which
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supports it. The determination of this allowable bearing pressure requires consid-
eration of the following two situations:

1. The literal failure of the soil to support the imposed load, which results in
the footing breaking into the ground, as discussed in subsequent articles.

2. Settlement which, when excessive, will cause severe damage to the structure
itself and to any elements attached to it (Considerations of settlement will
be discussed in Chapter 6.)

5-2. SOIL BEHAVIOR AT ULTIMATE
BEARING CAPACITY

The soil beneath a footing will fail when the load to which it is subjected exceeds
the ultimate bearing capacity of the soil. In this kind of failure, as illustrated in
Figure 5-1, the footing literally breaks into the ground. This kind of failure is
very dangerous because it occurs suddenly, and its effect will be felt throughout
the structure. Such a failure can result in catastrophic damage and the possible
loss of life.

Soil failure is the result of displacement of the soil directly beneath the footing.
This action is not completely understood, although different theories have been
presented. There is general agreement, however, that the displacement is resisted
by the combined action of shear and lateral passive pressure. When failure occurs,
the footing will invariably lurch to one side. Note the falling in of the earth on
one side of the footing and the pushing up of the earth on the other side.

It has been noted in Article 4-1 that the resistance to shear developed by a
coarse grained soil is due to the actual interlocking and physical contact between
the particles. Its value, numerically, is a function of the angle of internal friction
of the particular soil. In fine grained soils there is no interlocking or physical
contact between particles. Resistance to shear for these soils is a function of

- Position after failure

FIGURE 5-1. Footing failure due to breaking into the soil.
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cohesion. In mixed grained soils the total resistance to shear is the sum of the
resistances contributed by each of the different kinds of soil.

Resistance due to lateral passive pressure can be similarly described. In coarse
grained soils lateral displacement can only occur by reason of a rearrangement
of the individual grains of soil within the mass. In fine grained soils the displace-
ment will occur by reason of a decrease in void ratio caused by the squeezing
out of air and water from within the mass.

5-3. EQUATIONS FOR ULTIMATE
BEARING CAPACITY

General Considerations

A comprehensive theory by which the response of soil to load could be quantita-
tively analyzed was first advanced by Karl Terzaghi, considered by many to be
the father of modern soils engineering. The equations and bearing capacity factors
that follow have their origin in the Terzaghi theory of soil analysis, but incorporate
certain modifications as proposed by others, including Meyerhof, Hanson and
Vesic, during the ensuing years. For those instances when different sources have
proposed different modifications, there has been a tendency on the part of the
author to take the more conservative approach. Experience has demonstrated
time and time again that a conservative approach in the design of the foundations
of a building results in sound, cost effective, and prudent engineering.

Footings on Mixed Grained Soil
Equations for the determination of the ultimate bearing capacity of a footing on
a mixed grained soil are given below. The first term in these equations provides
for the contribution of cohesion. The second term provides for the influence of
surcharge, and the third term provides for the effect of soil density and shape of
the footing.
Continuous footing:
ga=1.0cN; +YD; Ny + 0.5 B YN, S-n
Square footing:
qa=12cN, +YDiNy+ 04 ByN, (5-2)

Round footing:

ga=12cN. + YDy Ny + 0.6 Ry N, (5-3)
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TABLE 5-1. Shape Factors for
Rectangular Footings

[Ref. 13]

Length to

Width ratio a, a
1 1.20 0.42
2 1.12 0.45
3 1.07 0.46
4 1.05 0.47
6 1.03 0.48
Continuous 1.00 0.50

Rectangular footing:
ga=a;cNe+ YD Ny + a; B Y N, (5-4)

In which:
qq = the ultimate bearing capacity of the soil at the base of the
footing (psf)
¢ = the cohesion of the soil (psf)
B = the width of a continuous footing, the lesser width of a rectangu-
lar footing or the side of a square footing (feet)
R = the radius of a round footing (feet)
a; and a, = shape factors for use with rectangular footings whose numerical
values are given in Table 5-1
Y = the density of the in situ soil, obtained by direct measurement,
guidelines of which are given in Table 2-1 (pcf)
D¢ = the depth of the footing below the lowest adjacent grade (feet)
N, N, and N, = dimensionless bearing capacity factors, the values of which
are numerically dependent on the angle of internal friction of
the soil beneath the footing

The numerical value of these three bearing capacity factors can be computed
from the formulas which follow, or can be taken directly from Table 5-2 or
Figure 5-2:

0

= "4 ¢ [tan? (45° + )]

(Ng— 1) cot ¢
(Ng — 1) tan (1.40 ¢)

1l

Nq
Ne
NY

It

In the above formulas, ¢ is the angle of internal friction, as introduced in
Article 2-12.
The angle of internal friction of a granular soil can only accurately be deter-
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TABLE 5-2. Numerical Values of N¢, Ny, and
N, for Shallow Foundations

Angle ¢ Nc N, N,
16 116 43 14
18 13.2 53 2.0
20 14.8 6.4 2.9
2 16.8 7.8 4.1
24 19.3 9.6 5.7
27 239 13.2 9.5
30 30.1 18.4 15.7
33 38.7 26.1 26.2
36 50.7 37.8 445
39 67.9 55.9 773
42 93.7 85.4 139.3
45 1339 134.9 262.7

Note the disproportionate increase in the values for N com-
pared to those for ¢.
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FIGURE 5-2. Bearing capacity factors for shallow footings as a function of the angle
of internal friction.

mined by laboratory analysis. There are times, however, when approximate values
are satisfactory. This would be true in the case of a feasibility study or even in
a preliminary design. For a mixed grained soil whose characteristics are similar
to those of a granular soil, there is a reasonably reliable correlation between the
numerical value of the angle of internal friction and the blow count N, as recorded
during a standard penetration test. This correlation is given in Figure 3-9. For a
purely granular soil the angle of internal friction can be approximated from Table
2-4.
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The numerical value of cohesion can be determined by laboratory analysis when
accurate values are required. Under normal circumstances, however, experience
indicates that the cohesion may be assumed equal to one-half of the unconfined
compression strength g,. Accurate values for g, can be determined in the labora-
tory by means of an unconfined compression test or its value can be approximated
by correlation to blow count, as given in Table 8-3.

When applying Equations (5-1) through (5-2) it should be noted that the density
used in the second term of the equations should theoretically relate to the soil
above the footing, as this is what causes the surcharge. The density in the third
term should relate to the soil below the footing since this is directly related to
bearing. Generally, there will be little difference between these two densities.
Therefore, in the interest of simplifying the work it is customary to use the lesser
value. This is on the side of safety.

Footings on Granular Soil

Pure sands and gravels are granular materials that have no cohesion. The resistance
to penetration of the footing depends, therefore, solely on the physical contact
and degree of interlocking between the particles. When computing the ultimate
bearing capacity of a footing bearing on a purely granular soil, the first term in
the general equations, that which enumerates the effect of cohesion, should be
deleted. The second and third terms should remain.

Footings on Cohesive Soil

Pure clay and plastic silt are materials whose particles do not interlock. Resistance
to soil failure for such materials depends solely on cohesion, which is a characteris-
tic of all clays and of the finer fractions of silts. The angle of internal friction
of a purely cohesive soil is zero. When computing the ultimate bearing capacity
of a footing bearing on a cohesive soil, the third term in the general equation,
which includes the effect of the soil density, should be deleted. The first and
second terms should remain. Bearing capacity factors for a cohesive soil are
as follows:

N.=514 N,=10 N,=0

Note: In computing the value for N, the equation becomes discontinuous
at ¢ = 0, at which point it asymptotically approaches the given value.

5-4. ALLOWABLE SOIL
BEARING PRESSURE

Equations (5-1) through (5-4) may be used to compute the ultimate bearing
capacity of the soil at any predetermined depth below grade. This bearing capacity
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is used in combination with certain other factors to establish the allowable bearing
pressure for which the footing may be designed. This pressure, symbolized by
(g4), 1s given by the following formula:

q4 — ¥Dx

9 ="gr - psf (5-5)

In which:
g, = the allowable soil bearing pressure for which the footing may be de-
signed based on the area of contact between the soil and the footing (psf)
qq = the ultimate bearing capacity as determined from Equations (5-1)
through (5-4) (psf)
Y Dr = the weight of the soil above the base of the footing (psf)
SF = the safety factor

Note that the ultimate bearing capacity is reduced by the weight of earth above
the base of the footing before the safety factor is applied.

A safety factor of 3 against footing failure by breaking into the soil is generally
accepted by the construction industry. Some codes permit less, but remember—
the architects and engineers are responsible for their work, not the writer of
the code.

Simplified Equations for Footings on Cohesive Soil

The equations from which the allowable soil bearing pressure is computed for
a footing bearing on pure clay can be simplified as indicated herein.

When computing the value of g, for a continuous footing, Equation (5-5) can be
written in the following form by incorporating Equation (5-1) into the numerator:

_ LO cN: + Y DiNg + 0.5 BYN, — vD;
qa = SF

And noting that for a pure clay:
o =0, N, =5.14, Ny =10, N, =0, c=05gq,
Formula (5-5) then simplifies to:

5, 5.1
G = 0—5% =0.857 g,
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And finally:
g.= 0.86 q, for a continuous footing
.= 102g¢q, for a square footing
.= 1.02¢, for a round footing
g. = 0.86 g, a, for a rectangular footing

5-5. PRESSURE BULBS

(5-6)
(5-7
(5-8)
(5-9)

All footings impart pressure to the soil and the intensity of this pressure varies
throughout the soil mass. The pressure is greatest directly beneath the center of
the footing, and then spreads out into the soil both laterally and vertically in ever
diminishing intensities. This is called the pressure bulb effect. A typical pressure

bulb is illustrated in Figure 5-3.

It is evident that the shape of the pressure bulb will vary with the shape of
the footing. Continuous footings produce a pressure bulb that is essentially linear
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FIGURE 5-3. A typical pressure bulb, as produced by a circular footing. [Ref. 19]
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FIGURE 5-4. The depth and width at which the ten percent gradient line of the various
pressure bulbs may be assumed to act. The maximum width of the bulb may be assumed
to occur at mid-depth.

and approximates the shape of a continuous trench. The pressure bulb under an
isolated footing spreads in all directions and approximates the shape of a bulb.
Figure 5-3 illustrates the pressure bulb of a circular footing. The bulb of a square
footing is essentially the same.

The pressure induced into a soil mass theoretically extends infinitely. It is
recognized, of course, that this is not true. There comes a point where the inertia
of the mass will no longer yield and at this point, for all intents and purposes,
the pressure ceases.

For practical purposes, bearing pressure is usually of little consequence in the
regions of soil extending beyond the 10% gradient line of the pressure bulb. The
assumed extent of this gradient, in terms of width and depth, is given in Figure
5-4.

Footing Overlap

An examination of Figure 5-4 will show that the pressure bulbs of closely spaced
footings will overlap whenever the center to center distance between them is
less than the sum of their widths. This is cause for concern both in bearing and
settlement considerations. A frequently used solution to this problem is to combine
the two footings into one, as illustrated in Figure 7-6. This is discussed in Article
7-5.
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FIGURE 5-5. The reduction in unit weight of a soil due to ground water.

5-6. EFFECT OF GROUND WATER ON
ULTIMATE BEARING CAPACITY

Ground water reduces the ultimate bearing capacity of all soils below the water
table. The reason for this is the apparent reduction in soil density due to the
effect of buoyancy. Whether the presence of ground water must be considered
in computing the ultimate bearing capacity of any particular footing depends
upon the elevation of the water table with respect to the footing. Such an adverse
condition will occur whenever the water table is above an arbitrarily chosen limit
line located a distance beneath the footing equal to the width of the footing. This
condition and the modifications required by it are indicated in Figure 5-5.

It must be noted that ground water may fluctuate seasonally or may be suscepti-
ble to short term variation due to flooding or drought. It is the responsibility of
the designer to take these matters into consideration.

When making calculations, remember that the unit weight of the submerged
soil must be reduced by the unit weight of water:

Youb = (Y — 62.4) — pcf

5-7. RECOMMENDATIONS
General

As previously noted, a footing must be designed so that it will not break into
the soil, nor exhibit excessive settlement. Footing design usually proceeds along
the following lines:

1. The allowable soil bearing pressure ¢, is computed using Formula (5-5).
The required footing area is then computed by dividing the load imposed
on the footing by g,.
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2. Several representative footings are then checked for settlement using the
procedures outlined in Chapter 6. If these footings exhibit excessive settle-
ment, the value of g, must be reduced to provide a larger bearing area and,
consequently, a smaller settlement. Subsequent design can usually be based
on this reduced soil bearing pressure without the need to make continuing
calculations on settlement.

Settlement calculations are presented in the following articles:

1. For footings on granular soil—Article 6-2.
2. For footings on cohesive soil—Article 6-5.

The procedure by which settlement is calculated for a mixed grained soil is a
matter of engineering judgement. A mixed grained soil by definition includes
both coarse and fine grained soil fractions. However, the characteristics and
general behavior of any mixed grained soil will relate more to one of those
fractions than to the other. In most instances the dominant fraction can readily
be identified by visual examination and a physical manipulation of the soil. The
dominant characteristics of each kind of soil are as follows:

1. Pure sand exhibits no cohesion and cannot be molded at all, nor can it be
tested for unconfined compression strength.

2. Pure clay is inherently a cohesive material and can readily be molded. It
also will exhibit a measurable unconfined compression strength.

There are a series of visual, hands-on tests that can be used to clearly identify
the dominant fraction. These are described in Article 3-3. Once the dominant
fraction of the soil been determined, settlement should be computed in accordance
with the procedures outlined for that fraction.

Minimum Soil Pressure

It is the opinion of the author that soils having a computed allowable bearing
pressure of one tsf or less, should rarely be used for the support of a building
foundation, and that allowable pressures of less than 1% tsf should be highly
suspect. These low pressures invite problems with local shear and settlement.
Alternative solutions include removal of the offending soil, compaction, a mat
foundation or the installation of deep foundations, such as piles or piers.

Local Shear

Footings founded on loose sand or soft or sensitive clay may fail at a lesser
bearing pressure than that indicated by the equations. This condition is known
as local shear. It has been suggested by Terzaghi and others that the numerical
values of cohesion and of the angle of internal friction should be reduced by
one-third in order to compensate for the possibility of footing failure due to local
shear. This reduction will have the effect of substantially reducing the bearing
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capacity factors and the resultant soil bearing capacity. The problem facing the
designer is to know under what circumstances he must consider local shear. This
is a perplexing problem because there appears to be no certain line or transition
which separates local shear from general shear. The terms loose sand, soft or
sensitive clay, are approximations at best. It has been the experience of the author
that the problems inherent with local shear can be avoided by never using any
soil for bearing when the computed allowable bearing pressure is one ton per
square foot or less.

As suggested reading, there is a very good discussion on the subject of local
shear starting on page 207 of Lambe & Whitman’s Soil Mechanics, SI Version,
copyright 1969 by John Wiley & Sons, Inc.

Support Options

When the subgrade consists of satisfactory bearing material except for a relatively
thin layer at the surface, this thin layer of unacceptable material should be
removed and replaced with compacted borrow fill. In those instances when the
material was unacceptable only because of density, it may be possible to densify
this layer by compaction.

When the soil at the desired bearing elevation is relatively weak and is consid-
ered to be unacceptable for the support of individual footings, a mat or raft
foundation may offer a reasonable alternative. This kind of foundation distributes
the loads of many columns over a large area, considerably reducing the imposed
soil pressure. A mat or raft foundation, however, will produce a much wider and
much deeper pressure bulb which may have an adverse effect on settlement.

When the subgrade below the normal footing elevation is simply inadequate,
and when this condition extends for some depth, the only alternative is to use a
deep foundation that incorporates piles or piers. Such a foundation will safely
transfer the loads to an acceptable bearing strata.

Minimum Footing Width

It has been the experience of the author that from the practical standpoint of
digging a hole, maintaining the banks and placing reinforcement and concrete,
the minimum width of any footing should be set as follows:

1. Two feet for the width of a continuous footing
2. Three feet for the sides of a square footing
3. Three feet for the smaller side of a rectangular footing

5-8. PRESUMPTIVE BEARING PRESSURE

Many building codes include a table of presumptive bearing pressures. These
pressures are based on years of experience in the particular locality of which the
code has jurisdiction. The use of these values is usually restricted by code to
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TABLE 5-3. Presumptive Bearing Pressures

Soil Description

Bearing Pressure (tsf)

Very soft or soft clays

Not acceptable

Medium clay 1.5

Stiff clay 2

Very stiff clay 3

Hard clay 4-5
Very loose or loose sand Not acceptable
Medium sand 1-3
Dense sand 34
Very dense sand 4-5
Gravel and gravel-sand mixtures 4-6
Compact silt or silty sand L5
Compact sandy clay 2
Compact silty clay 1.5
Organic soil Not acceptable
Hardpan 10

Soft rock 8
Medium, sound rock 15

Hard rock 20-40
Massive, solid bedrock 100-200
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projects of limited size, and they are not to be used for major work without
substantiation by some kind of testing.

Presumptive bearing values as established by code have certain inherent disad-
vantages. Terminology, for example, can vary dramatically from one locale to
another. In addition, these values usually do not consider variation of soil with
depth, size of footing, ground water or permissible settlement. The only way in
which to establish safe and cost effective bearing values is to conduct a testing
procedure tailor-made for the particular project.

Presumptive bearing pressures do serve a useful purpose in that they provide
a guideline of the kind of pressures that can generally be expected of a particular
soil. Table 5-3 has been compiled by the author from different codes and from
his own experience.

5-9. SAMPLE PROBLEMS
General Note

After making the calculations, the final answer is usually rounded off to a more
convenient, more customary numerical value. Rounding off must be to a lower
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number. Soil pressure is usually specified in psf, ksf or tsf. The customary
increments of roundoff are as follows:

500 psf, 0.5 ksf, 1 to 1% tsf

Example 5-1
Given: A 2" —6” wide continuous footing bearing on mixed grained
soil. The bottom of the footing is located 3" —6” below grade. Laboratory
tests have determined:
o = 28° v = 118 pcf q, = 400 psf ¢ = 0.5¢g, = 200 psf
Required: To calculate the allowable soil bearing pressure.
Bearing capacity factors from formulas: N, = 25.8 Ny =147 N, =112

From Equation (5-1): g4 = 1.0 X 200 x 25.8 + 118 x 3.5 x 14.7
+0.5%x25x%x 118 x 11.2 = 12,883 psf

From Formula (5-5): g, = 12883 - 118 x 3.5 = 4,156 psf

3
use 4,000 psf

Example 5-2
Given: A 5" —0” square footing bearing on mixed grained soil. The
bottom of the footing is located 6" —0” below grade. Laboratory tests
have determined:
o =22° Y =115 pcf g, = 1600 psf ¢ = 0.5q, = 800 psf
Required: To calculate the allowable soil bearing pressure.
Bearing capacity factors from formulas: N, = 16.8 Ng=738 Ny =41

From Equation (5-2): gg = 1.2 X 800 X 16.8 + 115 x 6.0 x 7.8
+0.4 x50 x 115 x 4.1 =22,453 psf

From Formula (5-5): g, = 22023 =113 X 60 _ ;554 ¢

3
use 7,000 psf

Example 5-3

Given: A 12" —0” diameter water tank, whose footing bears on mixed
grained soil. The bottom of the footing is located 6" —6” below grade.
Laboratory tests have determined:
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o =18° vy = 120 pcf gy = 2400 psf ¢ = 0.5¢q, = 1200 psf
Required: To calculate the allowable soil bearing pressure.
Bearing capacity factors from formulas: N, = 13.1 Ny=353 N, =20

From Equation (5-3): g4 = 1.2 X 1200 x 13.1 + 120 X 6.5 x 5.3
+ 0.6 X 6.0 x 120 x 2.0 = 22,862 psf

From Formula (5-5): g, = 23862 - 120 x 65 _ 7,694 pst

3
use 7.5 ksf

Example 5-4

Given: A 4 —0” x 12" 0" rectangular footing bearing on mixed grained
soil. The bottom of the footing is located 4’ —6” below grade. Laboratory
tests have determined:

¢ =26° vy=116 pcf g, =800 psf ¢ = 0.5¢, = 400 psf
Required: To calculate the allowable soil bearing pressure.

Bearing capacity factors from formulas: N, = 22.3 Ny=119 N, = 8.0
From Table (5-1): a; = 1.07 a, =046

From Equation (5-4): g4 = 1.07 x 400 x 223 + 116 x 4.5 x 11.9
+ 0.46 x 4.0 x 116 x 8.0 = 17,463 psf

From Formula (5-5): g, = 17463 ~ 116 x 4.5 = 5,647 psf

3
use 5.5 ksf

Example 5-5
Given: A 6’ —0” square footing bearing on a grayish medium sand.
The bottom of the footing is located 8 —0” below grade. Laboratory
tests have determined:
0 = 33° y = 100 pcf q.=0 c=0
Required: To calculate the allowable soil bearing pressure.
Bearing capacity factors from formulas: N = 26.1 N, =262

Note: In this example the value of N, is not required because the soil
has been specified as sand.
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From Equation (5-2): g4 = 100 x 8.0 X 26.1 + 0.4 x 6.0 x 100 x 26.2

= 27,168 psf
From Formula (5-5): g, = 200 = 3100 x 80 _ 789 psf?
use 8.5 ksf

a. Settlement calculations for this footing will be made in Example 6-1. If the
resultant settlement is considered excessive, the value of g, must be reduced.
Example 5-6

Given: A 4’ —0” x 8’ -0” rectangular footing bearing on dense sand.
The bottom of the footing is located 6" —0” below grade. Laboratory
reports indicate:

o = 36° vy = 110 pcf q.=0 c=0
Required: To calculate the allowable soil bearing pressure.

From Table 5-1: a, = 045

Bearing capacity factors from formulas: N = 37.8 N, =445
Note: In this example, as before, the value of N, is not required.
From Equation (5-4): g4 = 110 X 6.0 x 37.5
+ 0.45 x 4.0 x 110 x 44.5 = 33,561 psf

From Formula (5-5): ¢, = 33561 - 31 10x60 = 10,967 psf?

use 5 tsf
a. Settlement calculations for this footing will be made in Example 6-2. If the
resultant settlement is considered excessive, the value of g, must be reduced.
Example 5-7

Given: A 2" —0” wide continuous footing bearing on a stiff clay. The
bottom of the footing is located 4" —0” below grade. Laboratory tests
have determined:

0=0° y=122pcf  g,=3000psf c=0.5g, = 1500 psf

Required: To calculate the allowable soil bearing pressure.
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Bearing capacity factors from formulas: N, = 5.14 Ng=10 N,=0

From Equation (5-1): g4 = 1.0 X 1500 x 5.14 + 122 x 4.0 x 1.0
= §,198 psf

From Formula (5-5): g, = w = 2,570 psf

Or by using the simplified method, from Formula (5-6):
g, = 0.86 x 3000 = 2,580 psf

This allowable soil bearing pressure is very low and would not normally be
considered as an acceptable design criterion for spread footings. A mat foundation
may be an acceptable alternative. The weight of the mat, however, may reduce
the available pressure to an unacceptable level. Situations like this are usually
soled with deep foundations, such as piles or piers.

Example 5-8
Given: A 3’ -0” x 6’ ~0" rectangular footing bearing on a very stiff clay.
The bottom of the footing is located 7 —0” below grade. Laboratory tests
have determined:
¢=0° Y = 125 pcf g, = 6000 psf ¢ = 0.5g, = 3000 psf
Required: To calculate the allowable soil bearing pressure.

Bearing capacity factors from formulas: N, = 5.14 Ny=10 N,=0
From Table 5-1: a, = 1.12

From Equation (5-4): g4 = 1.12 X 3000 % 5.14 + 125 x 7.0 X 1.0
= 18,145 psf

From Formula (5-5): ¢, = 18145 _3125 x 7.0 = 5,756 psf

Or by using the simplified method, from Formula (5-9):

g, = 0.86 x 6000 x 1.12 = 5,779 psf
use 25 tsf

Example 5-9
Given: The 12’ —0” tank footing of Example 5-3.
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Required: To calculate the allowable soil bearing pressure, as assuming
that ground water is 2” —0” below grade.

From Figure 5-5, the water table is located in level 2. Therefore, when applying
Equation (5-3), use the weighted average in the second term, and use the sub-
merged weight in the third term.

The submerged weight = 120.0 — 62.4 = 57.6 pcf

120.0 X 2.0 + 57.6 x 4.5
6.5

The weighted average = = 76.8 pcf

From Equation (5-3): g4 = 1.2 X 1200 x 13.1 + 76.8 X 6.5 x 5.3
+ 0.6 X 6.0 X 57.6 X 2.0 = 21,924 psf

21924 -76.8 X 6.5

and g, 3

= 7,141 psf
use 7.0 ksf

In this particular example, the reduction in soil capacity due to the existence
of ground water was approximately 7%.

Example 5-10

Given: A 3’ — 0” wide continuous footing located 3" — 6” below grade.
The soil is found to be mixed grained and is described as a very loose
soil. Laboratory tests have found:

o =22.5° ¥ = 105 pef qy = 1200 psf ¢ = 0.5¢g, = 600 psf
Required: To calculate the allowable soil bearing pressure.

When the supporting soil is described as very loose or very soft, footing failure
may occur because of local shear rather than general shear. Terzaghi and others
have recommended that for this condition the angle of internal friction should
be reduced by one-third before determining the bearing capacity factors. The
numerical value of the cohesion should likewise be reduced by one-third.

Therefore: the effective angle of internal friction = 22.5 X %5 = 15°
and the effective cohesion = 600 X %5 = 400 psf

Bearing capacity factors from formulas: N. = 11.0 Ny =39 N,=11

From Equation (5-1): g4 =400 x 11.0 + 105 x 3.5z 3.9
+0.5x3.0x%x195x 1.1 = 6,006 psf
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From Formula (5-5): g, = w = 1,880 psf

It is the opinion of the author that the allowable soil bearing pressure, as deter-
mined in this example, is so low that the premise of using spread footings for
this condition is unacceptable. The reader should refer to a discussion of minimum
soil bearing pressure and local shear in Article 5-7.

The possibility of a mat foundation was explored in Example 5-7, where the
soil bearing pressure also was low. In this particular problem, the weight of the
mat would reduce the available pressure to the point of impractibility. The use
of piles or piers appears to be the only viable solution.
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Settlement Analysis

6-1. INTRODUCTION
General Considerations

Settlement is the term used to describe the action by which a footing pushes into
the ground in response to the load to which it is subjected. The amount of
settlement is a function of the size of the footing, the load to which the footing
is subjected, and the characteristics of the soil directly beneath and, for some
distance, below and beyond the footing. There are procedures by which the
amount of settlement can be approximated for any given condition of footing
size, loading, and soil characteristics. The experience gained by observation of
the time-related performance of countless buildings has given the architect and
engineer insight as to how much settlement can safely be permitted under a given
set of circumstances. Settlement can never be eliminated, unless bearing on solid
rock. It can be controlled, however, by selecting the type of foundation best
suited to the type of soil found at the site, and then by establishing an allowable
soil bearing pressure as a function of allowable settlement.

The consequences of using the wrong type of foundation on the wrong type
of soil can be disastrous. A famous example of such a disaster is the Leaning
Tower of Pisa, construction of which was started in 1174. This tower, as illustrated
in Figure 6-1, is 179 feet high with an offset that presently measures 17 feet.
Although extensive repairs have been made in an effort to stabilize the soil upon
which the foundations were built, the amount of offset continues to increase at
a rate of approximately '4” per year. Engineers have indicated that the tower
must soon be torn down.

In Article 5-5 the concept of the pressure bulb was introduced. It was noted
that the pressure induced into the soil by an applied load is usually of little
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FIGURE 6-1. The Leaning Tower of Pisa. An example of differential settlement.

consequence in regions of soil beyond the ten percent gradient line of the pressure
bulb. The same is true of settlement. It must be noted, however, that soil within
this pressure bulb is usually not homogeneous but may be made up of layers of
different soils having different characteristics. The settlement attributible to each
of these layers must be computed individually and then added together to deter-
mine the overall settlement. The procedure by which these calculations are made
differs between sand and clay and will be described in subsequent paragraphs.

Effect of Pressure Bulb Sizes

The size of the pressure bulb and the depth to the one-tenth point varies with
the size and type of footing, as indicated in Figure 5-4. When two footings are
of different size but have the same contact pressure, the larger footing will have
a correspondingly larger pressure bulb. This can present a problem in settlement
as illustrated in Figure 6-2.
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FIGURE 6-2. The size of the pressure bulb may have considerable effect on footing
settlement.

The pressure bulb of the smaller footing is contained solely within the upper
layer of soil. Settlement for this footing, therefore, depends solely on the response
of that soil to load. The pressure bulb of the larger footing extends down through
the upper layer into the layer beneath. Settlement of this footing, therefore,
depends on the sum of the responses of each individual layer.

Adjustment to Allowable Bearing Pressure

Settlement due to total load usually has a specified limit. If the computed settle-
ment exceeds this limit, the values of g, and P must be reduced proportionately.

Reasons for Settlement on Sand

Sand beds usually contain particles having a variety of sizes and shapes. In
certain instances, as when the sand is below the water table, the smaller particles
may settle out, and the larger particles must then arch over the voids. Such an
arrangement of particles is referred to as a honeycomb structure. Although the
particles in a honeycomb structure have sufficient strength to arch over the
relatively large voids thus produced, as well as to carry the weight of the overlying
soil, they may have insufficient contact between them to carry additional load.
An example of such a particle arrangement is illustrated in Figure 6-3. An
examination of this arrangement of particles shows that, although there is particle
to particle contact throughout the mass, the arrangement is not stable due to the
high volume of voids. When subjected to a superimposed load, the particles will
shift and rearrange themselves until a relatively solid mass is formed. This action
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FIGURE 6-3. Honeycomb structure in a granular soil before intergranular slippage
occurs. [Ref. 10}

is called intergranular slippage. The extent of this slippage and, therefore, the
amount of settlement depends upon the variation of particle size and in their
shape and distribution within the mass. If all sands were round in shape and
uniform in size, such a rearrangement would not occur since each particle would
already be in stable contact with the adjacent particles. Such a condition would
be analogous to a box of uniformly sized marbles. Sand, however, is not uniform.
It comes in all shapes and sizes.

Figure 6-4 illustrates the effect of intergranular slippage on the particle arrange-
ment previously indicated in Figure 6-3. In this instance the particles were acted
upon by an external force. This could have been caused by a superimposed load,
by compaction or by vibration. But in either case, the particles were shifted and
rearranged into a relatively solid mass quite capable of supporting major loads
without appreciable settlement.

Lateral yielding of the soil is a second reason why settlement will occur under
load. The pressure exerted by a footing dissipates into the ground in all directions
as indicated by the pressure bulb concept. If the soil which encloses the pressure

FIGURE 6-4. The effect of compaction on the honeycomb structure of Figure 6-3.



110 Soils and Foundations for Architects and Engineers

bulb is relatively loose, it will yield when subjected to lateral pressure. As the
soil yields, it densifies. The soil will continue to yield until there has been
sufficient densification to prevent further yielding.

A volume of soil responds to loads much like a balloon filled with air. When
subjected to a downward load the balloon and the soil will compress vertically
and push out laterally. The amount of lateral movement and, therefore, the amount
of settlement is dependent on the lateral resistance offered by the enclosing soil
mass. Loose soils, of course, are much more susceptible to large and quite
possibly unacceptable settiements. The standard penetration test, as described in
another section, provides immediate insight as to the density of any deposit of
soil. This is because it has been determined that the number of blows recorded
as the sampler spoon is advanced into the soil is, to a certain extent, a measurement
of the soil density.

No individual particle of soil is incompressible. Therefore, each particle will
compress under load and will theoretically contribute to settlement. This is called
elastic deformation. The settlement caused by this deformation is insignificant
compared to that of intergranular slippage and lateral yielding and is normally ig-
nored.

Reasons for Settlement of Clay

The settlement of a footing on clay, for all intents and purposes, is solely a
function of reduction in void ratio caused by the loss of air and water from the
voids. This action is analogous to that of squeezing a sponge whose voids are
filled with air and water. It may be remembered that clay contains two different
kinds of water: free water (frequently called pore water) and intergranular ab-
sorbed water. As pressure is exerted on the clay layer, the entrapped air is expelled
rather quickly. There is, however, only a small amount of air in the voids, as
they are filled mostly with water. The applied pressure forces the free water to
begin to migrate out of the loaded area. This migration and the settlement which
it causes may be slow or quick depending on the permeability of the soil. In
most instances the migration will be very slow. Slower yet will be the release
and subsequent migration of the intergranular absorbed water. The interaction
between clay and water is discussed in Article 13-2.

Rate of Settlement

Settlement is a time related phenomenon, and may occur progressively over an
extended period of time. The rate of settlement depends on the type of material
which makes up the underlying ground. Sand compacts quickly when subjected
to load while clays compact much more slowly. Since the majority of the load
of a building is usually its own dead weight, it follows that buildings built on
sand experience most of their settlement during construction. Buildings built on
clay, however, experience most of their settlement while in service. A general
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TABLE 6-1. Rate of Settlement’—Sand and Clay

During During

Construction Service
(%) (%)
Footings on sand 90 10
Footings on clay 10 90

“Percentages are for general guidelines only.

rule of thumb regarding the percentage of total settlement that a building can
expect to experience over a period of time is given in Table 6-1.

Permissible Settlement

No building can be designed to eliminate settlement completely, unless its founda-
tions bear directly on solid rock. Settlement will occur in all other buildings,
regardless of the type of foundation and of the kind of soil upon which they
bear. A building can experience two different kinds of settlement:

1. Settlement may occur uniformly distributed over the entire area of the
building. This kind of settlement will not cause damage to individual parts
of the building, but may cause misalignment at points of egress and may
lead to serious breakdowns in mechanical services, such as in sewer or
gas lines.

2. Settlement may occur differentially between different parts of the building.
This kind of settlement may cause serious damage to individual parts of
the building, and can also lead to progressive failure and ultimate collapse
of the structural system.

In order to avoid the adverse effects of excessive settlement a limit must be
placed on the amount of settlement that can be tolerated. The building must then
be designed architecturally, structurally and mechanically to work within this
limit. Unless more stringent limits are required by the governing building code
or by the sensitivity of any particular building elements to settlement, it is
considered reasonable by most authorities to limit the projected total settlement
due to dead load and live load as follows:

1. The maximum settlement of individual footings should generally be limited
to 1'% inch, although this limit may be reduced to 1 inch by code or by
the judgement of the engineer.

2. The differential settlement between any two adjacent footings should be
limited to '3eoth of the horizontal distance between them, measured in
inches.

It should be noted that the superimposed dead load for which a footing may
be responsible can be determined with considerable accuracy. Live load, however,
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is a completely different matter and footings are rarely subjected to their full
basic live load. Living areas in hotels and apartment houses and patient rooms
in hospitals, for example, usually carry a code specified live load of 40 psf.
Realistic live loads in these areas, however, is more likely to be 10 to 15 psf.
This is why building codes permit a reduction of live load under certain conditions
of occupancy and area of responsibility. Live load, it is seen, is a local thing.
As area is increased the resulting unit live load is decreased. It is for this reason
that some columns and footings may have their design live load reduced by as
much as 60%.

It should also be noted that, as noted in Table 6-1, 90% of the settlement of
a foundation bearing on sand will occur during construction. Much of this settle-
ment will occur, therefore, before the finish materials of the building are attached.
This has the effect of lessening the impact of settlement on coarse grained,
sandy soils.

6-2. SETTLEMENT CALCULATIONS—
FOOTINGS ON SAND

It was previously noted that the settlement of a footing on sand is due primarily
to the combined effects of intergranular slippage and lateral yielding. These
effects occur quickly as the load is applied to the soil. After the particles of soil
have shifted into a more stabilized arrangement and after the soil mass has been
further densified through the process of lateral yielding, additional load will cause
little additional settlement. In the majority of cases the dead weight of the building
is much heavier than the actual live load (as opposed to the design live load) to
which the building will be subjected. Most of the weight will therefore be added
during construction. It is for these reasons that up to 90% of the total settlement
of a building can be expected to occur during construction.

Different methods have been advanced as to the computation of settlement
for a footing bearing on sand. One method is based on making a load-settlement
test in the field. The problem with this method is the considerable difference in
size between the pressure bulb of the comparatively small test bearing plate and
that of the actual footing. It is the opinion of the author that this difference
provides serious challenge as to the validity of the test. Laboratory analysis of
samples of sand do little to indicate the settlement characteristics of a natural
deposit of sand. Other methods of settlement analysis are therefore empirical
and are primarily based on the density of the soil: the denser the soil, the lesser
the settlement.

It has been established over a period of years that there is a general correlation
between the relative density, density, blow count and angle of internal friction
of a coarse grained soil. These correlations are given in Tables 2-2 and 3-2 and
Figure 3-10. For the convenience of the reader this information has been combined
in Table 6-2.
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TABLE 6-2. Summary of Relative Density, Unit Weight, Blow Count, and Angle
of Internal Friction For Coarse Grained Soils®

Description D, Y N ¢

Loose <35 <90 4-10 <30
Medium 35-65 90-110 10-30 30-36
Dense 65-85 110-130 30-50 36-41
Very dense >85 >130 >50 >41

“Compiled from Tables 2-2 and 3-2, and Figure 3-10.

In those instances where this correlation appears to break down, the blow
count is the one that should usually be suspect. The accuracy of the blow count
can be affected by a variety of things, including:

1. Pebbles or small pieces of stone can impede the driving of the casing or
the sampler spoon.

2. Water from any number of sources may accelerate the driving by lubricating
the casing or the sampler spoon.

When the blow count is truly suspect, its value should be corrected so as to
agree more closely with the angle of internal friction of the sample taken at
that depth.

There are two recommended procedures by which settlement can properly be
considered in the design of a building foundation.

1. Calculate the anticipated settlement by using the empirical formula included
in this article. If the calculated settlement exceeds the allowable, the allow-
able bearing pressure must be reduced, thereby increasing the size of the
footing.

2. The use of design charts such as those developed by Peck, Hanson, and
Thornburn [Ref. 16, p. 309]. This type of chart provides a direct design
based on a combination of bearing pressure and permissible settlement.

The calculations required to determine settlement in accordance with the first
procedure are as follows:

1. Compute the allowable bearing pressure g,, using the method outlined in
Atticle 5-4.

2. Compute the footing capacity P, by multiplying the footing area by g,.

3. Compute the anticipated settlement, using the following empirical formula:

4 xP

A= m [Ref. 14]

(6-1)
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in which
A = the anticipated settlement (inches)
P = the design load on the footing (kips)
N = the lowest corrected blow count occurring in a depth measured from the
base of the footing to a point below the footing equal to its width B
B = the width of a continuous footing, the side of a square footing, the least
width of a rectangular footing, or the diameter of a round footing (feet)

Values of N, as recorded during the standard penetration test, are subject to
modification due to (a) submergence by ground water, or (b) release of overbur-
den. The coefficients Cw and Cy as described in Article 3-7, shall be used for
this purpose.

6-3. THE THEORY OF SETTLEMENT—
FOOTINGS ON CLAY

General

Settlement of footings on clay is directly attributable to a reduction in void ratio,
which is caused by a reduction in volume, which is caused by an increase in
pressure. The amount of settlement depends primarily on:

1. The intensity of the applied load

2. The load responsive characteristics of the particular clay

3. The history of loading to which the clay has been subjected throughout an
extended period of time

New Terms

A discussion of the past history of loading requires the introduction of the
following new terms:

Overburden: Overburden is simply the dead weight of any earth occurring above
any horizontal plane of reference within the soil mass.

Normally loaded soils: When a soil is referred to as being normally loaded, it
means that the soil has never, in all of its history, been loaded with a greater
overburden than the one existing at present. A normally loaded soil is sometimes
referred to as normally consolidated.

Preloaded soils: A preloaded soil is one that at some time in its history was
loaded with a greater overburden than the one existing at present. This condition
is usually the result of glacial ice that covered much of the land masses many
years ago. The weight of this ice compressed the soil and densified it. The
condition existing at the present time is the result of the melting of the ice.
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TABLE 6-3. Differences Between Normally Loaded and Preloaded

Clays
Property Normally loaded Preloaded
Compressibility High Low
Bearing capacity Low-medium Medium-high
Water content? Close to LL® Much less than LLY

9This comparison can usually identify whether a soil is normally loaded or preloaded.
bFor information on liquid limit, refer to Article 13-6.

Although it is true that the soil volume has partially rebounded, there is still
a certain amount of residual compression. A preloaded soil is sometimes
referred to as precompressed, preconsolidated, or overconsolidated.

Normally loaded and preloaded clays exhibit several very different character-
istics, as itemized in Table 6-3.

Relationship Between Settlement, Void Ratio, YVolume, and
Pressure

The relationship of these four items is illustrated in Figure 6-5. It can be seen
that settlement is basically caused by an increase in pressure. The medium through
which it works is the reduction in volume and void ratio.

Settlement is linear rather than volumetric. In order for the concept of settlement
to be truly linear, as described herein, it must be assumed that the soil under
discussion is restrained against lateral deformation.

In Figure 6-5 and in the calculations that follow, subscript (o) refers to the
original geometry of the soil; subscript (f) refers to the final geometry of the soil
after it has been subjected to an increase in loading.

Po
1 H' ’
co Vvo - Wit
Vvo | Air & water 7\’
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Vs Solids
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Before loading After loading

FIGURE 6-5. Settlement as a function of reduction in void ratio.
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The void ratios of the soil before and after being subjected to an increase in
load are, by definition:

Vvo
€= and e =
Vs

When the volume of solids is taken as unity the decrease in volume can be
expressed as a corresponding decrease in void ratio:

Viem Vit =€, — &5

It is this decrease in void ratio from which calculations of settlement are based.
Because this decrease in void ratio is caused by an increase in pressure it is
necessary to determine the relationship between them. This can be done in the
laboratory by performing a consolidation test on an undisturbed sample of the
clay soil.

6-4. CONSOLIDATION TEST

Consolidation is a term used by architects and engineers to describe the phenome-
non by which clay and soils whose characteristics are predominantly those of clay
will densify when subjected to an increase in pressure. Therefore, consolidation is
always accompanied by a reduction in volume and, correspondingly, a reduction
in void ratio.

A consolidation test is a specialized test performed in the laboratory on an
undisturbed sample taken from the actual clay layer being analyzed. The test
must be conducted in accordance with the following ASTM Standard:

D-2435: Standard Test Method for One-Dimensional Consolidation
Properties of Soils

The size of sample used for this test is optional with the laboratory provided
that it meets the requirements of the ASTM Standard. Several tests with which
the author was familiar were made with a one inch high sample having a diameter
of 214",

It has been previously noted that settlement is linear. The apparatus used in
this test provides for the continued lateral restraint of the sample. This is done
so that the deformation experienced by the sample will be purely linear.

The primary purpose of this test is to determine the variation in void ratio as
a function of pressure. This will lead directly to computations of settlement. The
secondary purpose of the test is to determine the continuance of deformation
over time. This is called the time rate of consolidation. This test will give insight
as to how quickly or how slowly settlement will occur.

This test is performed by applying an axial load to the sample. This causes
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the sample to undergo a gradual reduction in height due to the time release of
air and water from the voids. Remember, the sample is restrained against lateral
movement so all deformation is linear. During the test the reduction in height is
recorded at various intervals. The test load is maintained at a constant level until
the reduction in height has, for all intents and purposes, ceased. The test is then
repeated several times, but each time with a greater load. The usual loads are
those which induce an axial stress of 100, 200, 400, 800, 1600, etc., pounds per
square foot to the sample being tested. The tests should be continued, with
doubled loads, until the test load exceeds the load to which the clay deposit will
be subjected by the weight of the structure it is expected to support. This series
of tests is normally applied in sequence to a single sample. The gauge that records
the deformation is then reset before the next load is applied to the sample. It
should be noted that readings of total deformation will be cumulative.

Deformation as a Function of Time

The information obtained from the consolidation test is first used to develop a set
of curves which express deformation as a function of time for different conditions
of loading. Deformation, in this case, is numerically equal to the reduction in the
height of the sample. One such set of curves is shown in Figure 6-6.
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FIGURE 6-6. The results of a particular consolidation test in which deformation was
determined as a function of time. (a) Range of primary consolidation. (b) Range of
secondary compression. [Ref. 22]
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Long term consolidation is the result of two different actions. The first is the
squeezing of water out of the voids. This is called primary consolidation. The
second is the readjustment of the soil grains within the soil mass. This is called
secondary compression. Of the two, primary consolidation is by far the more
critical when considering the settlement of a building. It is for this reason that
ASTM D-2435 includes a procedure whereby the transition from primary consoli-
dation to secondary compression can be identified in terms of deformation. This
deformation is determined graphically as the intersection of two straight lines
drawn on a particular time-deformation curve. The first line is drawn tangent to
the curve where it assumes a relatively flat slope. The second line is drawn
tangent to the steepest part of the curve. These lines and their point of intersection
are shown, for the purpose of illustration, on the 16 tsf curve. The point of
intersection of these two lines identifies the deformation corresponding to 100%
consolidation. In Figure 6-6, this point occurs at a deformation of 0.0300 inches.
Compression occurring subsequent to this deformation is secondary compression.

The e-log p Curve

As previously noted, the primary purpose of performing a consolidation test is
to determine the variation in void ratio as a function of pressure. The deformation
experienced by the sample during the loading cycle provides the necessary infor-
mation whereby this variation can be determined.

The first computations relate to a cubic foot of earth. The dry unit weight and
the specific gravity of the solids have been determined prior to the start of the
test procedure. These values can be used to determine the volume of solids by
rearranging Formula (2-7):

Wi

Vi= %4,

The volume of voids is then determined:
V,=1-V,
The void ratio existing at the start of the test is:
Vo
€ = 7

Subsequent measurements and computations taken during the test relate to the
geometry of the sample, of which the diameter and initial height must be known.



Settlement Analysis 119

Rather than deal with volumes, it is more convenient to convert the formula for
void ratio to heights.

where # is the original height of the sample.

It is noted that the equivalent height of solids in the sample can be determined
by multiplying the volume of solids in one cubic foot by the initial height of
the sample.

After the time related reduction in sample height has ceased the resulting void
ratios are computed for each of the test pressures and plotted on an e-log p curve,
a example of which 1s shown in Figure 6-7. In the consolidation test illustrated
in this example the test was extended to include readings taken as the pressure
was unloaded. This was done in order to gain information as to the swelling
characteristics of the soil as pressure is reduced.

It must be noted that the consolidation test as described herein is both costly
and time consuming. A single operation may take up to 24 hours to complete,
and an entire test may take several weeks. It is, however, the best method available
from which critical building settlements may be anticipated with a reasonable
assurance of accuracy.
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FIGURE 6-7. A continuation of the consolidation test of Figure 6-7, expressing the
variation in void ratio as a function of pressure. This is commonly called an e-log p curve.
[Ref. 22]
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6-5. SETTLEMENT CALCULATIONS—
FOOTINGS ON CLAY

Linear Strain and Settlement
By definition, linear strain is the ratio of the reduction in length to the original

length. Therefore:

Vvo—vvf_eo"ef
V.- Vo 1+ e

Linear strain =

This transfer from volume to void ratio can be obtained by dividing the
numerator and denominator by V.

If the linear strain is assumed to be relatively constant throughout a layer of
clay, the total settlement in that layer will be the product of the linear strain
times the height of the layer. The application of this principle leads to the
following formula for settlement:

A= [e—;ﬁ] H (6-2)

1 + ¢

The variables used in the application of Formula (6-2) may be defined as
follows, for a given layer of soil:

A = the anticipated settlement (inches)

H = the height of the layer (inches)

e, = the void ratio of the layer prior to the start of construction—e, corre-
sponds to p,

e¢ = the void ratio of the layer after completion of construction—ey corre-
sponds to py—its numerical value is read off of the e-log p curve

In order to apply Formula (6-2) certain pressures are required, each of which
is computed on a plane which occurs at the mid-depth of the layer of soil
under consideration:

p, = the overburden pressure existing on the plane prior to the start of con-
struction—if ground water is above the plane being considered, the
submerged weight must be used for all earth between the plane and the
water table

Ap = the increase in pressure on the plane due to the superimposed weight

of the new construction—this pressure may or may not, at the discretion

of the designer, include all or part of the live load for which the building
is designed

the resultant pressure on the plane after construction has been com-

pleted—py is numerically equal to p, + Ap

Pt
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FIGURE 6-8. A conservative approximation for the increase in pressure Ap at any
given depth below the footing.

Note: p values are computed in (psf) and are then converted to (tsf)
for use with the e-log p curve.

Remember that if the soil within the depth of the pressure bulb consists of
different layers, each with their own settlement characteristics, settlements must
be computed individually for each layer, after which they are added together.

Determination of Ap
Either of the three following procedures maybe used to compute the value of Ap:

(a) Using the pressure bulb theory as illustrated in Figure 5-3.

(b) Using the assumption that the distribution of pressure relates to the frustrum
of a right pyramid, as illustrated in Figure 6-8.

(c) Using the theories presented in Appendix C.

The use of each of these procedures is demonstrated in Example 6-5.

The procedure described initem (b) is the one most frequently used by architects
and engineers because of its relative simplicity and close agreement with other
more academic considerations. In this procedure it is assumed that the superim-
posed load is distributed into the ground on a gradient whose shape is that of
the frustum of a right pyramid. The sides of the pyramid are assumed to slope
one unit horizontal for each two units vertical. The increase in pressure may be
calculated directly by use of the formula given in the figure.

Settlement Calculation Procedure

Make a sketch showing a profile of the soil extending from grade down to the
depth for which settlement calculations must be made. Include all available
information for each layer of soil within the zone of interest. Certain information,
such as blow count, water table and a description of the soil, can be obtained
from the test borings. Other information, such as in-place density, dry density,
moisture content and the specific gravity of the solids can be obtained from the
laboratory analysis. Then:
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—

. Determine the allowable footing load using the procedures of Chapter 5.
2. Compute V, V,, and e,. Then perform a consolidation test, recording results
in tabular form. Compute void ratios for all test loads, record on table and
use these values to draw the e-log p curve.

Compute p,, Ap, and py.

4. Read e; from the e-log p curve. Then compute settlement for the layer of
soil under consideration, using Formula (6-2). If settlement is excessive,
reduce g, and P accordingly.

w

Note: Repeat the above steps for all other layers of soil that occur
within the 10% gradient zone. Obtain the total settlement by adding
the individual settlements.

6-6. SAMPLE PROBLEMS
Example 6-1

Given: Refer to Example 5-5 in which a 6" —0” footing bears on grayish
medium sand.

Required: To compute the anticipated settlement of this footing and to
modify the previous allowable soil bearing pressure if the settlement
exceeds 1 inch.

From Formula (6-1):

In order to use this formula, the blow count N must be determined. For the given
value of ¢ = 33°, select the companion value of N = 20 from Table 6-2. Then,
using g, = 8,789 psf from Example 5-5:

P =g, xarea = 8.789 x 6 x 6 = 316 kips

4 x 316 o
and: A—m— 1.29

In order to limit the settlement to 1.00”, the original values for g, and P must
be reduced by dividing by 1.29. Therefore:

qa = 6,813 psf and P = 245 kips

Example 6-2

Given: Refer to Example 5-6 in which a 4" —0” x 8" —0” rectangular
footing bears on dense sand.
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Required: To compute the anticipated settlement of this footing and to
modify the previous allowable soil bearing pressure if the settlement
exceeds 1 inch.

From Formula (6-1):

In order to use this formula, the blow count N must be determined. For the given
value of ¢ = 36°, select the companion value of N = 30 from Table 6-2. Then,
using g, = 10,967 psf from Example 5-6:

P = g, x area = 10.967 x 4 x 8 = 351 kips
4 x351 1.87”

and A= AT I

In order to limit the settlement to 1.00”, the original values for g, and P must
be reduced by dividing 1.87. Therefore:

g. = 5,864 psf and P = 188 kips

Note: A rectangular footing is penalized in the settlement formula
because the least dimension occurs in the denominator. A square footing
of equal area would be much more efficient.

Examples 6-3 through 6-6

These four problems deal with the analysis of the 8'—0” square footing illus-
trated in Figure 6-9. This analysis will consider soil bearing pressure and set-
tlement.

Given: Soil (a) is loose clay having a density of 100 pcf

Soil (b) is lean, stiff clay having a density of 127.8 pcf, an
unconfined compression strength of 2.0 tsf and a cohe-
sion of 2000 psf

Depth D,, to ground water is 10" —0”

Allowable settlement is 1'4”. Settlement analysis will include

only those soils within the 10% pressure bulb. The height H in

Formula (6-2), therefore, will be taken as twice the width of

the footing—16 feet.

Example 6-3

Required: To determine the allowable soil bearing pressure and the
footing capacity in accordance with the procedures of Chapter 5.
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FIGURE 6-9. Examples 6-3 to 6-6—General conditions.
Bearing capacity factors for clay: N, = 5.14 Ny=10 N,=0
From Figure 5-5: The water table is located in level 4.
When applying Equation (5-2), water at this level will not effect the second
term. Water would normally effect the third term, but in a clay soil the third
term is deleted.

From Equation (5-2): g4 = 1.2 X 2000 x 5.14 + 100 x 4.0 x 1.0 = 12,736 psf

From Formula (5-5); ¢, = 12736 _;00 x 4.0 = 4,112 psf

The maximum safe load for which this footing may be designed is:
P=4.112x 8.0 x 8.0 = 263 kips

Example 6-4

Required: To compute values for V,, V,, and e, and then to draw
the e-log p curve for the lean, stiff clay, based on the results of a
consolidation test.

Additional information supplied by the testing laboratory:
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Yary = 106.4 pcl G, =2.68
By the procedures outlined in Article 6-4:

. . . 106.4
Volume of solids V; in 1 cubic foot = 614X 268" 0.6362 CF

Volume of voids V, in 1 cubic foot = 1.0000 — 0.6362 = 0.3638 CF

Note that the void ratio of the in-place soil within the 10% gradient line is
also the void ratio ¢, in the sample at the start of the consolidation test.

A consolidation test was performed on a sample of this material. The reduction
in height of the sample under different loading conditions is used to determine
the variation in void ratio and hence, the e-log p curve. The results of this test
are given in Table 6-4.

The initial height of the sample used in the test was 1.0000 inches. Therefore,
the equivalent height of solids is:

hs = 1.0000 x 0.6362 = 0.6362 inches
The following is a sample of the way in which void ratio is computed:

height of voids _ 0.9256 — 0.6362
height of solids — 0.6362

e (at 8 tsf) = =0.455

This calculation determines one point on the e-log p curve. Similar calculations
define the entire curve as shown in Figure 6-10.

TABLE 6-4. Example 6-4—Consolidation Test Data

Load Dial Reading Dial Reading Consolidation Sample Void

(tsf) at Start at Finish 0.0001” Height Ratio
0 1.0000 0.572
Vs 3 21 18 0.9982 0.569
| 8 66 58 0.9924 0.560
2 10 143 133 0.9791 0.539
4 19 267 248 0.9543 0.500
8 7 294 287 0.9256 0.455

16 2 301 299 0.8957 0.408

Note: These void ratios, when plotted against their corresponding loads, produce the e-log p curve shown
in Figure 6-11.
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FIGURE 6-10. Example 6-4—The e-log p curve.
Example 6-5
Required:

1. Compute the overburden pressure p, existing at the mid-depth of the speci-
fied pressure bulb, as defined in Figure 6-9. Because this is a square footing,
the pressure bulb extends 16 feet below the footing, in accordance with
Figure 5-4.

2. Compute the pressure Ap induced by the superimposed load on the footing.

3. Compute the resultant pressure ps.

Calculations:

1. The overburden pressure computed at the mid-depth of the 10% gradient
line is:

Po=100x 4.0 + 127.8 X 6.0 + (127.8 — 62.4) 2.0 = 1298 psf

2. The pressure Ap induced by the load of the footing will be computed by
using each of the three procedures previously introduced in Article 6-5.
The reader can then make a comparison:

(a) Draw a horizontal line in Figure 5-3 midway between the base of the
footing and the 10% gradient line. Then draw two vertical lines down
to this horizonal line. The first from the edge of the footing and the
second from the center of the footing. Next, read the pressure gradient
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where these two lines intersect the horizontal. The increase in pressure
can be taken as the average of these two gradients times the pressure
intensity directly beneath the footing. By scale, then:

020 +0.32

Ap 2

x 4112 = 1069 psf

(b) The increase in pressure computed in accordance with Figure 6-8 is:

263,000

m = 1027 pSf

Ap =

(¢) Using Appendix C, the increase in pressure is taken as the average of
the pressures induced at the corner and center of the footing.

=1.0

ool oo

At the corner, according to Article C-4: m=n =

In the above, the numerator is the side of the footing, the denominator
is the distance to the mid-depth of the 10% gradient.

Therefore: C3 = 0.175

and p, = 0.175 x 4112 = 720 psf

At the center, according to Article C-5: m =n = g— =05
Therefore: C3 = 0.085 for each of four squares.

and p, =4 x 0.085 x 4112 = 1398 psf

The average induced pressure Ap is: 20—21—398 = 1059 psf

3. The three methods used in the preceding calculations give essentially
the same result. Experience indicates that this will usually be the case.
Method (a) differs from the other two in that the calculations related to
a slightly higher plane. This is because the actual depth of the pressure
bulb is somewhat less than the assumed depth of two times the width
of footing. There would be a dramatic difference, however, in the case
of a continuous footing, in which case method (a) should be used. In
this instance, method (b) will be adopted. Therefore:

pe= 1298 + 1027 = 2325 psf = 1.163 tsf

Example 6-6

Required: To obtain the value of e; from the e-log p curve and then
to compute the anticipated settlement of the subject footing shown in
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Figure 6-9. Finally, to reduce the footing capacity if settlement exceeds
the allowable.

It is first necessary to determine the void ratio e; corresponding to py. This
may be read off of the e-log p curve, or it may be computed. The value of py,
plotted as 1.623 tsf, falls between the test loads of 1.0 tsf and 2.0 tsf. An
enlargement of the curve within that range is shown in Figure 6-11. Assuming
the e-log p curve to approximate a straight line, the value of ¢; may be found
by similar triangles.

e;—0.539  log 2 —log 1.163
0.560 — 0.539 ~  log 2 —log 1

From which: ¢; = 0.555

It should be noted that this value of e; is on the conservative side since the
actual curve rises somewhat above a straight line. This will result in computed
settlements slightly higher than those actually realized. The anticipated settle-
ment is:

From Formula (6-2): A = [w

1+0572 ] 16 x 12 = 2.08 inches

This settlement exceeds the specified allowable of one and one-half inches.
The values of g, and P must be reduced as follows:

1.50 1.50 .
q.= [m] 4,112 = 2,956 psf P= [m] 263 = 189 kips
Note:
values shown taken
from table 6-4
0.560
. 0.555
o
(e)
0.539 —
1.0 1.163 tsf 2.0

(pf )
Pressure (p) (tsf)
Log Scale

FIGURE 6-11. Example 6-6—The e-log p curve from Figure 6-10, enlarged.



/
Spread Footings

7-1. GENERAL

Spread footings are generally a large pad of reinforced concrete poured into an
excavation which has been dug by hand or by machine, but which has been
trimmed by hand to specified dimensions. The primary purpose of a footing is
to transfer load from the building to the ground. The load may be vertical, as in
the case of gravity, or it may be horizontal, as in the case of wind, earthquake
or earth pressure. A secondary purpose of a footing is to provide a base upon
which formwork may be erected.

Footings supporting walls are usually continuous. Footings supporting columns
are usually square or rectangular and may be designed to support individual or
multiple columns. Footing selection depends upon the architectural layout of
the columns with respect to each other and with respect to property lines or
other obstructions.

7-2. FOOTING EXCAVATION
Earth Formed Footings

Whenever possible, the footing should be poured into an excavation whose side
walls are primarily the original, undisturbed earth. This requires care on the part
of the contractor particularly since the main basement excavation will be made
by machine. After the area around the footing has been cleared, wood forms
called screeds or screed rails are usually installed at the top of the footing. These
forms, which extend around the four sides of the footing, serve the following
purposes:
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FIGURE 7-1. Preparation for footings poured in earth forms.

1. They physically identify the elevation, extent and width of the footing and
provide a continuous shelf to which the footing concrete shall be cast.

2. Experience shows that the upper edges of almost all earth forms are very
susceptible to cave-in. The screeds stabilize these edges and effectively
prevent most cave-ins.

A typical earth formed footing detail is shown in Figure 7-1. This kind of
installation is usually very practical for use in cohesive soils. The side walls of
an excavation cut into a cohesive soil will remain stable for some period of time
without being supported by formwork. The concreting of the footing must proceed
expeditiously, however, because the side walls will cave in if abused by workmen
or if subjected to heavy rainfall.

Wood Formed Footings

Granular soils differ from cohesive soils in that the side walls of an excavation
will not stand vertically, even for a short while. The presence of a limited amount
of fines may lead to the erroneous conclusion that the soil possesses sufficient
cohesion for the side walls to stand without support. Such soils must be carefully
tested at the site to insure that adequate forming procedures will be used. In soils
whose side walls will fail, the footing area must be over-excavated and a wood
formed box must be constructed for the full height of the footing. A typical wood
formed footing detail is shown in Figure 7-2.

After the footing has been poured and the forms removed, the area of over-
excavation must be filled. This can be accomplished in either of the following
ways:

1. Fill the area with lean concrete.
2. Backfill the area with approved soil compacted to the specified density.

7-3. APPROVAL OF SUBGRADE

All footings must extend down to, and bear on a subgrade inspected and approved
by the architect or engineer of the project. The allowable bearing pressure of
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FIGURE 7-2. Preparation for footings poured in wood forms.

this subgrade must be consistent with that for which the footings were designed
during the design stage of the project.

The elevation of the bottom of the footings must be specified on the contract
drawings. During the excavation process it is possible that soil having an accept-
able bearing pressure may be found above the specified elevation. In this instance
the footing may be raised, subject to engineering approval and provided that
raising the footing will not cause interference with any other construction. When
acceptable bearing pressure is not found at the specified elevation, the footing
must be lowered accordingly. Unit prices by which the owner and contractor can
both be equitably compensated for a change in footing elevation are commonly
a part of the general contract.

The bottom of the footing must be reasonably leveled and cleared of all debris,
trash, loose stones, etc. Holes left after the removal of loose stones shall be filled
with footing concrete when the footing is poured.

7-4. LOAD TRANSFER BETWEEN FOOTING
AND GROUND

Footings distribute their load into the ground through direct bearing on the surface
of contact. The required area of contact is computed from the following formula:

_ P
%= BxD

(7-1)

In which:
g, = the allowable soil bearing pressure as determined by the principles
set forth in Chapters 5 and 6
P = the load supported by the footing plus the weight of the foot-
ing itself
B and D = the width and length of the footing
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Note: When the footing is continuous, as under a wall, the length of
footing is taken as one linear foot

7-5. TYPICAL FOOTING DETAILS
Minimum Footing Width

The footing widths given in Figure 7-3 are considered a reasonable minimum,
based primarily on facilitating construction.

Wall Footings

Wall footings are continuous footings that not only transfer vertical and horizontal
loads from the wall into the soil, but also provide a shelf upon which to erect
forms for the construction of the wall. Where the wall is discontinuous for short
lengths, as in the case of doors, windows or other openings, the footing is usually
poured as a continuous member without regard to those openings.

Wall footings must sometimes be stepped down from their normal elevation
due to the presence of poor soil or the close proximity of adjacent, lower footings.
This is illustrated in Figure 7-4, in which the dashed line indicates the angle of
proximity. In the interest of time and costs, the contractor will generally want
to use a relatively steep angle, but this should only be allowed based on an
engineering evaluation. The maximum value of this angle is limited by the angle

Min. depth = 12"

al_on

/——Column —«—\

3.0"
6" Min. -~
A g 3-0"
Min.
(a) Continuous footing (b) Rectangular footing (c) Square footing

FIGURE 7-3. Recommended minimum widths of different footings for ease of
construction.
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FIGURE 7-4. Recommended angle of proximity for stepped footings.

of repose as described in Article 10-1. Without engineering evaluation the tangent
of the angle of proximity should not exceed the following:

1. In cohesive soil—1 : 2
2. In granular soil—1 : 3

Particular care must be taken by the contractor to maintain vertical or near
vertical cuts when excavating for stepped footings.

Individual Column Footings

It is important for the center of gravity of the supported load to coincide with
the centroid of the footing, and this should be done wherever possible. The soil
bearing pressure is then uniformly distributed as illustrated in Figure 7-5(a).
When this condition is not met, the soil bearing pressure will no longer be
uniformly distributed because of the resultant eccentricity as illustrated in Figure
7-5(b). An eccentrically loaded footing can lead to serious consequences.

o

Columns Sy

T s

{ ~~~~~~ C f=PALR/
{8} Uniform load condition i) Eccentiic load conditinn

FIGURE 7-5. Difference in soil pressure distribution between footings supporting con-
centric and eccentric loads.
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Although a certain amount of eccentricity can be tolerated, as in the case of
an exterior retaining wall where bearing stresses are kept very low, it should be
avoided wherever possible. The middle third rule should remind us that if the
center of gravity of the load were to fall outside of the middle third of the footing
then the bearing pressure on the opposite edge of the footing would be negative.
Since tension cannot be developed on the surface of contact between the footing
and the soil, failure could occur.

If a footing is overexcavated and then filled with footing concrete, it might
be inferred that the footing was eccentrically loaded. There is no harm, however,
in pouring the overexcavation along with the footing as long as the required size
of footing is centered beneath the column.

Combined Footings

There are times when two columns are so close together that they must bear on
a common footing. This condition is illustrated in Figure 7-6. These columns
cannot be supported on individual footings because the footings would overlap.
Rather than use long, slender rectangular footings a combined footing will be
used. The particular feature of this type of footing is the need to position the
centroid of the footing directly beneath the center of gravity of the loads. The
reason for this, of course, is to avoid eccentricity.

The clear distance between the edge of the footing and the nearest face of the
column should be given careful consideration by the engineer. In the absence of
any special conditions the author recommends a minimum clear distance equal
to the width of the column or 12 inches, whichever is the larger.

Mat Foundations

There are occasions when it becomes necessary or advantageous to support a
large number of columns on a common footing. Such a footing is commonly

L Equal L Equal L
1 1 (

FIGURE 7-6. Typical combined footing. Note location of center of gravity.
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called a mat or raft foundation. A mat foundation is usually considered to be a
good engineering response to either of the two following situations:

1. The close proximity of a large number of columns, which would result in
a considerable amount of overlapping of individual footings.

2. The existence of poor soil at normal bearing elevations, which would not
only require the use of large, overlapping footings, but which would also
raise the question of serious differential settlement.

Mat foundations are usually constructed as an integral part of the basement
floor. They are usually at least 24 inches in thickness and are heavily reinforced.
Design is essentially that of an inverted flat plate.

7-6. TYPICAL FOOTING REINFORCEMENT
Column Footings

Footings supporting columns distribute their load into the ground by two-way ac-
tion. This is to say that the footing is subjected to bending stresses along each of its
two axes. Tensile reinforcing, therefore, is required in each direction. For footings
carryingasingle column reinforcement is required only at the bottom of the footing.
For footings carrying multiple columns, reinforcement is also required at the top
of the footing. These requirements are illustrated in Figure 7-7, where the bending
moment induced by the soil bearing pressure is plotted on the compression side of
the footing.

Reinforcing shall be placed in both directions on the tension sides of the
footing, as indicated in the same figure. Bars shall be spaced equally throughout

-.q <
4 o a
@ >
B v_s{va:
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M 4 4
. -._t _"'0 — e DTJ
(a) Single column condition Multiple column condition

FIGURE 7-7. Typical reinforcing arrangement in footings for single and multiple col-
umn conditions.



136 Soils and Foundations for Architects and Engineers

Footing reinforcing:
3 - #5 longitudinal

# @ 18" transversez .

!: 2'-0" Min. I

FIGURE 7-8. Recommended minimum size and reinforcement for wall footings.

the width of the footing, with the first bar approximately 3 inches clear from the
footing edge. Bars shall be wired together at sufficient intersections so as to
produce a rigid mat of bars. The lower mat shall be supported to the proper
elevation by pieces of brick, block or precast units made for that purpose. Metal
supports, pushed into the ground, should not be permitted. The clear concrete
cover over all reinforcement should be no less than three inches for the lower
reinforcing and two inches for the upper reinforcing. This amount of cover is
recommended as a means of protecting the reinforcing from corrosion by the
action of soil, water, or air.

Wall Footings

Wall footings transfer their load to the soil linearly. Bending, therefore, occurs
around only one axis. Under normal conditions, the bending stresses in these
footings is quite low. For ease of construction and to provide a degree of safety
against the unexpected, all footings, even those which are lightly loaded, should
meet certain minimum requirements as to size and reinforcing. Recommendations
regarding these requirements are given in Figure 7-8.

Note that the shear key in this detail is sloped on both sides. This is the way
preferred by contractors because it facilitates removal of the tapered wood form
key. In those instances when the wall must transfer lateral load to the footing,
the side transferring the load must be vertical. Shear keys are discussed in detail
in Article 11-7 and Appendix B.

7-7. VERTICAL DOWELS
Column Dowels

All columns are reinforced with vertical bars, whose purpose is to carry a propor-
tionate share of the load. The force carried by these bars must be transferred into
the footing concrete. This can be accomplished in either of following three ways:
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1. Positioning the vertical bars in the footing before pouring footing concrete:
Because of the difficulty of holding long vertical bars in place without the
benefit of formwork, this method is limited to relatively short columns and
subsequently short reinforcing bars.

2. Using a short piece of vertical bar called a dowel: One dowel is required
for each column bar and is positioned in the footing prior to the pouring
of footing concrete. After the footing has been poured each column bar is
then placed in hard contact with a dowel and wired to it. The force in the
column bar is then theoretically transferred into the dowel and from the
dowel into the footing. The use of dowels to transfer load from a column
to a footing is illustrated in Figure 7-9. Note that the dowels must be
carefully located in the footing so that the column bars, which are placed
adjacent to them, will be accurately positioned in the column. Also note
that the use of dowels can cause considerable crowding of reinforcement,
thereby complicating the job of proper concreting. For this reason, this
method is usually restricted to columns having relatively small bars, #7 or
less, and to situations where there are not enough bars to cause crowding.
In other situations bars should be welded, as described in item 3.

3. Sitting the column bars directly onto the dowels and welding them: This
gives positive continuity to the reinforcing system and avoids bar crowding.
Each dowel must be accurately positioned to receive the column bar. The
bearing surface of the lower bar should be cut straight across. The surface
of the upper bar should be beveled in the fabricating shop. This is necessary
to insure proper access to the welding electrodes. The upper bar should be
oriented so that the bevel is positioned outward and, therefore, more accessi-
ble to the welder. All bars must be rigidly held in position during the
welding process. This method can be used for any size and arrangement

Column bars (open)

| __—— Footing dowels (solid)

Horizontal ties
ACI7.10.5

Dowels in section Dowels in plan

FIGURE 7-9. Dowel placement in column footings.
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of bars. Its use is particularly encouraged in heavily reinforced columns or
in columns having large bars.

Wall Dowels

Wall dowels are similar to column dowels except that they are usually smaller
in diameter and have more space between adjacent bars. This arrangement lends
itself very well to the use of lapped dowels.

Code Requirements Relating to Dowels

All requirements relative to dowels, including development lengths, laps, and
bar substitutions, are given in Appendix E.

7-8. PROPERTY LINE CONSIDERATIONS

There are times when the architectural layout may position columns close to the
property line. Building codes usually do not permit extension of any part of the
building beyond that line. Some building codes even require a set back from the
building line. In such instances, there may not be sufficient space in which to
position a square footing. Three alternative footing arrangements must then
be considered.

1. A rectangular footing
2. A strap footing
3. A combined footing

The use of these alternatives is discussed in the following paragraphs.

Rectangular Footings

A typical arrangement of a rectangular footing adjacent to a property line is
indicated in Figure 7-10.
The width and length of the footing shall be computed as follows:

P

B=2x-y) and D= B,

Rectangular footings should be proportioned so that the length to width ratio
does not exceed three. It should be noted that a rectangular footing becomes
more of a one-way element as the length to width ratio increases. This type of
footing will therefore be thicker, more heavily reinforced and less cost effective.
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. * | Setback from property line
1 to centerline of column as
established by architect

FIGURE 7-10. The use of a rectangular footing for columns adjacent to a property line.

Strap Footings

There are instances when rectangular footings cannot solve the problem of the
close proximity of a column to a property line. Subject to the architectural layout
of the adjacent columns, this problem can be solved by the use of a strap footing,
as illustrated in Figure 7-11.

If it were not for the strap, the offset footing would be subjected to an undesirable
eccentric load, which would induce a potentially hazardous distribution of stress
into the soil beneath. This condition was previously indicated in Figure 7-5. The
strap acts as a large overhanging beam and transfers the load of the exterior
column back to the centerline of the offset footing. The offset footing, therefore,
is subjected only to an axial load and the soil beneath to a uniformly distributed
load. It is to be expected that the strap will be heavily reinforced with top bars
due to the large bending moment induced by the property line column. Note that
the offset footing will be somewhat larger than the rectangular footing of Figure
7-10 because of the increase in axial load due to the cantilever action of the strap.

The vertical positioning of the strap is optional, as indicated below:

1. The strap and the footing can be flush top, in which case the strap and
footing must be poured monolithically.

2. The strap can sit directly on the footings, in which case it can be poured
at any time following the footing pour.
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¢—— Property line
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7 construction, by code
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JL Setback from property line

FIGURE 7-11. The use of a strap footing for columns adjacent to a property line.

The decision as to which way to go should logically be that of the contractor,
who is actually going to perform the work. The engineer, however, must design
and detail the strap prior to the work going out for bids. After the contract has
been awarded the contractor could be offered the option of submitting a different
design for approval, provided that the contract price would not increase.

Combined Footings

A combined footing, similar to the one previously illustrated in Figure 7-6 can
be used to solve the property line dilemma, provided that it works dimensionally.
This requires that the centroid of a reasonably proportioned footing can be
positioned directly beneath the center of gravity of the loads.

7-9. FACTORS AFFECTING VERTICAL
PLACEMENT OF FOOTINGS

Acceptable Soil Bearing Pressure

Footings, of course, must bear on acceptable soil. What is acceptable for one
building, however, may not be acceptable for another. A multi-story concrete
building weighs considerably more than a two or three story lightweight steel
frame building. It is the nature of soil that its load bearing capacity increases
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with depth. The footings of the multi-story building, therefore, can be expected
to be placed at a lower elevation than those of the light weight steel frame.
Heavily loaded footings could be placed at lesser depth, with a corresponding
increase in size to account for the decrease in soil bearing capacity. However,
this is not considered to be good engineering practice. The general rule is that
large loads should bear on large capacity soil. Exceptions to this rule must be
based upon proven footing performance and a substantial reduction in cost.
Settlement must also be considered. Weaker soils compact more than dense soils,
and even though the footing on the weaker soil must be larger, it will still
settle more.
For a discussion of soil bearing pressure, refer to Chapter 5.

Placement With Respect to Frost

All footings, both interior and exterior, must be protected against the adverse
action of frost. All earth contains water, and when water freezes it expands with
an almost irresistible force. When the earth directly beneath a footing freezes, the
footing will be pushed upward. Considerable damage, and possibly catastrophic
failure, may be the end result.

Footings, therefore, must be placed below the frost line. The depth of this line
below the surface of the ground is a function of locality. In order to complete
his design, the designer must obtain definitive information regarding the frost
line depth from the building officials of the locality in which the structure is to
be built. The information given in Figure 7-12 may be used to gain insight as

At shet 7R 5t 4t
3t
2t
0
11t
0

FIGURE 7-12. Maximum anticipated depths of freezing as obtained from city building
codes. Actual depths may vary considerably, depending on ground cover, soil, moisture,
topography, and weather. [Ref. 18]
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to the general variation of the frost line depth in different areas of the country. This
information, however, should not be used for design without proper verification.

Placement With Respect to Expansive Soil

The presence of expansive soil and the variation in plasticity index with depth
can only be determined accurately by laboratory analysis. It is the opinion of
the author, as stated in Article 13-9, that building foundations should not be
constructed on soil having a plasticity index greater than 10. With the acceptance
of this as a premise, construction of the foundations should then proceed in one
of the following ways:

I. Excavate through the expansive soil and install spread footings on good
bearing soil beneath. When the amount of excavation required to obtain
good bearing is no more than 10 to 15 feet, contractors usually prefer this
method as being faster and more cost effective.

2. Drive piles or drill piers through the expansive soil and extend them to the
more resistant material normally found at greater depth.

Note: For information regarding the construction of slabs on expansive
soil, refer to Article 13-9.

Proximity To Adjacent Footings

The elevation of adjacent footings must be established so that lower level footings
do not undercut footings placed at an upper level. This problem, as illustrated
in Figure 7-13, is essentially the same problem previously discussed in regards
to the stepping of wall footings, as illustrated in Figure 7-4. Without benefit of
an engineering evaluation, the tangent of the angle of proximity is usually limited
to 1:2 in cohesive soils and 1 : 3 in granular soils. When excavating in rock or
in very dense clay, it may be possible, subject to an engineering evaluation, to
increase the slope to 1: 1.

It is noted that the angle of proximity is drawn from the top of the lower
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For tangent of angle, see text.

FIGURE 7-13. Recommended angle of proximity between adjacent footings of differ-
ent elevations.
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footing to the bottom of the upper footing. This condition is only valid when
the lower footing is poured in earth forms. When the lower footing is poured in
wood forms, the angle of proximity should be drawn from the bottom of the
lower footing to the bottom of the upper footing.

These recommendations are only valid providing that the line of excavation
does not undercut the proximity line. If undercutting occurs, a new proximity
line must be drawn from the lower footing up to the underside of the upper
footing and flattened as necessary to insure that all undercutting is above that line.

Proximity to Adjacent Properties

It should be recognized that the architectural layout of a building may be severely
limited or curtailed due to the presence of an existing building on the adjacent
property.

When there is an existing building on the adjacent property, a survey should
be made to determine the location and depth of all footings near the property
line. Adequate separation must be provided between the existing and new footings.
This is particularly important in those instances when the new footings are to
be placed lower than the existing ones. The angle of proximity as shown in
Figure 7-13 may serve as a starting point, but the final slope must be the result
of an engineering evaluation.

When excavating close to adjacent property, care must be taken to assure that
the adjacent property will not sustain any damage whatsoever, either during or
after construction. Damage could be attributable to any of the following causes:
cave-in, settlement, disturbance during construction such as vibration, blasting,
etc., and lowering of the existing water table. Any kind of damage may become
the basis for legal action, which may delay or suspend construction. Such action
would certainly be costly to defend and to correct, if those in charge of the new
project are found at fault.

Effect of Ground Water

The existence of ground water can be determined during the conduct of the
subsurface soil exploration, as described in Article 3-6. This exploration, of
course, should be made well in advance of a design commitment by the architect.
With a high water table the architect may find that his preliminary design of the
building must undergo extensive change, particularly in the case of basements
or underground facilities.

Major construction below the water table is both difficult and expensive. It is
one thing to have footings below the water table. It is an entirely different matter
to have a part of a building below the water table. This latter condition can have
serious architectural consequences. It is for these reasons that construction at or
below the water table must be very carefully thought out during the design stage
of the project.

Structures built below the water table are subjected to hydrostatic pressure. In
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lightly loaded buildings this uplifting pressure can become a formidable obstacle.
Note also the serious consequences in time and costs due to the need for water-
proofing all areas of the building which are below the highest anticipated wa-
ter table.

In some instances it may be possible to temporarily drain the area, thus lowering
the water table so that construction can proceed in the dry. Before adopting this
procedure, however, a study must be made to ascertain the short term and
long term effects that this procedure will have on this property and on any
adjacent properties.

When it is required to do so, footings can be poured under water using a
tremie or elephant trunk, as described in Article 8-20.

The existence of ground water implies a softer soil. It may be possible to bypass
the water problem entirely by installing piles or piers instead of spread footings.

7-10. DEAD LOAD BEARING PRESSURE

Engineers have long recognized the principle of equal dead load bearing pressure.
The meaning of this is that the bearing area of all footings should be adjusted
so that the bearing pressure due solely to the action of dead load would be
essentially equal for all footings. The size of each footing, of course, must be
adequate to satisfy the allowable soil bearing pressure established for dead load
plus live load.

When footing sizes are adjusted to provide equal dead load pressure, it is
evident that there may be considerable variation between footings in pressure
due to total load. This is normally not considered to be a problem because in
most buildings there is very little actual live load.

For application of this principle, refer to Example 7-5.

7-11. CLOSING RECOMMENDATIONS

As noted in Chapter 5, it is very difficult to predict with reasonable accuracy
the way in which a footing will respond to the loads imposed upon it. Experience
indicates the need for extra caution in the design of the foundations of a building.
A troubled footing cannot be easily repaired.

Construction below grade is considerably more difficult than construction
above grade and, when deep in the excavation, there is an inherent need for
haste. Weather can play havoc with construction, particularly when below grade.
Rain, snow, and even wind can delay the work for days on end and can cause
additional expenditure of time and money. Nowhere are these problems more
evident than in the construction of foundations. The designer should recognize
these problems and, wherever possible, should direct his design and construction
schedule to give the contractor every opportunity to use his capabilities to the
best advantage.
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There is no substitute for experience. It is strongly recommended, therefore,
that the architect and engineer consult with a general contractor who does work
in the general locality of the building site. He will be able to advise as to what
construction techniques are suitable for the site under consideration. The advice
and counsel of a knowledgeable contractor, when consulted at an early stage of
the design process, can prove invaluable to the success of the project.

7-12. SAMPLE PROBLEMS

In all problems it is assumed that the superimposed load carried by the footing
has been increased 5% to account for the weight of the footing. Under normal
circumstances this is a reasonable percentage of increase. This method is one of
the several methods by which the weight of the footing may be accounted for
in design.

Regarding footing sizes, it is the custom to specify footing widths in increments
of 3 to 6 inches for relatively small footings, and 6 to 12 inches for larger ones.

Example 7-1

Required: (1) To determine the required area of contact between a
spread footing carrying a superimposed load of 250 kips, and earth
having an allowable soil bearing pressure of 3 tsf.

(2) To recommend the size footing.

Since there are no apparent restrictions to the proportioning of this footing, it
will be made square. The footing design will therefore use the two-way action,
which is inherent in most concrete construction. A square footing is also preferable
from the standpoint of cost.

From Formula (7-1):

250
6.0 = A

(Note g, = 6.0 ksf)
Therefore: A = 41.7 square feet and B = 6.45 feet
And finally: B = 6’-6”

Example 7-2

Required: To determine the length and width of a combined footing
to carry the columns indicated in Figure 7-14. The allowable soil
bearing pressure is 3 tsf.
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7 -6

— - —— Column loads:
i Column A - 300 kips
Column B - 780 kips

2.1 55 !/ 7-6 L
11 1 7

FIGURE 7-14. Example 7-2—Combined footing.

If these columns were supported on individual footings, it can be seen that
the footings, if square, would overlap. Rather than use long and narrow rectangular
footings, a combined footing will be used.

In order to avoid unwanted eccentricity, the centroid of the footing must
coincide with the center of gravity of the loads. This center, measured from
column A, is calculated by taking moments about column A:

780 x 7.5
X = m = 5.42 feet
From Formula (7-1):
6.0 = 1080

A

Therefore: A = 180 square feet and a 12°-0” x 15’-0” footing may be used. Note
that any number of footing sizes would satisfy area and clearance requirements.
Example 7-3

Required: To determine the size of a rectangular footing required to
carry a column adjacent to a property line, as shown in Figure 7-15.
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[€—— Property line

——/,lg 6” setback per code

Column load:
250 kips

2' - 6” from property line
,Lﬁ‘/ to centerline of column

as set by architect
FIGURE 7-15. Example 7-3—Rectangular footing.

The column load is 250 kips, and the allowable soil bearing pressure
is 3 tsf.

The footing width is computed as: B = 2(2.5 — 0.5) = 4.0 feet

From Formula (7-1):

250

60=10xD

From which: D = 10.4 feet, and the final footing size is 4-0” x 10"-6".

Example 7-4

Required: To redesign Example 7-3 using a strap footing assembly, as
detailed in Figure 7-16. The load on column B is 400 kips.

First: Assume a 4’-0” wide footing, then calculate the resultant footing load.
Note that the strap acts as an overhanging beam.

16.0 .
[B—O] 250 = 267 kips
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Property line
+’— 6” setback per code

| prer—— Offset footing

- ; '/Strap

to centerline of column

16’ - 0" L
as set by architect —

1'-6” from propenty line ‘
le
1

250k

Loading diagram

267k at centerline * A7k
1’0" of footing

FIGURE 7-16. Example 7-4—Strap footing.

From Formula (7-1):

267 ’ 4 ’ 7
6'0_B><D Use 4-0" x 11’-6 at column A
6.0 = 400 Use 8-6” x 8’-6” at column B
B xB

As anticipated, the strap footing is somewhat larger than the rectangular footing
it replaced.

Example 7-5

Required: To adjust the sizes of the footings listed in Table 7-1, so
that each footing will have essentially the same dead load bearing
pressure. The presumptive bearing pressure for which the footings must
be designed is 4 tons per square foot. Footings shall be sized in three
inch increments.

The solution to this problem requires four steps.

1. To determine the minimum footing area that will satisfy the total load for
each column.



TABLE 7-1. Example 7-5—Design Loads

for Footings

Spread Footings

Footing Dead Live Total?
A 240 150 390
B 350 140 490
C 600 440 1040
D 410 160 570

@ All loads are in Kips.
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2. To calculate the dead load bearing pressure for each footing by dividing
the given dead load by the area found in step 1.

3. To calculate the footing area required to equalize the dead load bearing
pressure under all of the footings. This is done by dividing the dead load
of each footing by the least dead load bearing pressure found in step 2.

4. To determine the footing size based on the area computed in step 3. Sizes
are selected in 3-inch increments.

The results of this procedure is tabulated in Table 7-2. Sample calculations

for Footing #1 are included herein:
For Footing A:

(1) —3? = 48.75 square feet
240

(2) m =492 ksf
240

3) 16 - 51.9 square feet

(Note: 4 tsf = 8 ksf)

(4) A/51.9 = 7.21 feet—use 7’-3”

TABLE 7-2. Example 7-5—Footing Design Based on

Dead Load Bearing Pressure

Footing (1 V3] (3) 4)

A 48.75 4.92 52.0 73"
B 61.25 5.71 75.8 8’9"
C 130.00 4.62 130.0 11’-6”
D 71.25 5.75 88.7 9-6”

(1) is the area required for total load computed by dividing the total load in kips by

8 ksf.

(2) is the dead load bearing pressure computed by dividing the dead load in kips by

the area computed in step 1.

(3) is the new area required after adjustment computed by dividing the dead load in

kips by the least bearing pressure computed in step 2.

(4) is the final specified size of the footing assuming 3-inch increments.
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Piles, Piers, and Caissons

8-1. INTRODUCTION

It is recognized that spread footings are the quickest and most cost effective way
to transfer the loads of a building into the ground. There are situations, however,
in which spread footings cannot reasonably be used. An examination of the test
boring log given in Figure 8-1 illustrates this point.

The general weakness and erratic nature of this soil precludes the use of spread
footings. The only viable alternative is to use what is commonly called a deep
foundation. This type of foundation consists of structural elements that extend
far down into the ground to distribute their load through skin friction to a large
mass of weak soil. They may also transfer load by direct bearing to the dense
soil or bedrock, which must ultimately exist at some depth below ground level.
Piles, piers, and caissons are the elements used in the construction of a deep foun-
dation.

Load Capacity

The allowable load for which these elements may be designed is the lesser of
the following two criteria:

1. The superimposed load from the building must be transferred to one or
more of these elements. The load will be axial and the transfer will be in
direct bearing. The capacity of the load that can be transferred to each
element will be computed by multiplying an allowable stress in bearing
times the area of contact. The allowable stress for each type of element is
given in subsequent articles.
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FIGURE 8-1. Sample log of test boring.

2. Depending on the type of element and on the type of soil, each element
can develop a certain load capacity for transfer into the soil. This transfer
will be made in one of the following ways:

(a) The development of shear (friction) between the surface of the element
and the adjacent soil, as given in Articles 8-10 and 8-11,

(b) End bearing between the base of the element and the soil beneath, as
given in Articles 8-12 and 8-13, or

(c) A combination of shear (a) and end bearing (b).

In each instance, the allowable load will be computed by multiplying the
allowable stress by the surface on which the stress acts.

8-2. PILES

The term pile describes an element which is driven into the ground by heavy,
hammerlike machinery. This process produces considerable noise and vibration.
The pile may be timber, structural steel, steel pipe, or a steel shell filled with
concrete after the shell has been driven. When a pile is driven into the ground,
it must displace an equal volume of soil. The effect of this is to compact, or
densify, the soil in the immediate vicinity of the pile. The soil pressure acting



152 Soils and Foundations for Architects and Engineers

laterally on the pile, therefore, is increased. The friction developed between the
surface of the pile and the surrounding soil is similarly increased.

Timber and steel shell piles usually transfer the bulk of their load through
friction and for that reason they are frequently referred to as friction piles.
Structural steel and steel pipe are piles that are more versatile, as they can be
used not only to transfer load through friction to transfer a substantial amount
of load through end bearing, particularly when bearing on rock.

Pile Installation

Piles are driven into the ground with a heavy hammer that strikes the top of the
pile, thus forcing it into the ground. This is similar to the way in which a hammer
is used to drive a nail into a piece of wood. In the case of piles, however, special
pile driving equipment is required, as illustrated in Figure 8-2. There are several
methods by which a pile can be driven. Two frequently used methods are single
action driving and double action driving. In single action the hammer is raised

FIGURE 8-2. Installation of steel shell pile. [Ref. 15]
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and then allowed to drop freely on to the pile. In double action the hammer is
not only raised but is then accelerated downward, thereby increasing the striking
force over that of free fall. In each case, the movement of the hammer is activated
by steam or compressed air.

Pile driving is an operation that is inherently one of dynamic loading. It is the
nature of pile driving, therefore, that the adjacent ground will be subjected to
vibration. Depending on conditions, the intensity of this vibration can be substan-
tial. There could be situations in which pile driving would be unacceptable
because of the sensitivity of adjacent structures or other facilities to vibration.
Pile driving is also very noisy. The use of piles in noise-sensitive areas, such as
hospitals, may not be permitted.

Pile installation may be aided by one of the following methods:

1. Predrilling: When a pile must be driven through a layer of hard material,
a pilot hole may first be drilled through that layer. The pilot hole must be
smaller in diameter than the pile. Although this procedure makes the work
of driving the pile easier, it also negates a considerable amount of the soil
densification usually inherent to pile driving.

2. Jetting: This procedure is used to facilitate the installation of a pile in sandy
soil. In this procedure a forceful stream of water is directed below the tip
of the pile, thereby loosening and displacing the sand through which the
pile must be driven. As in predrilling, there is a loss in soil densification
and a corresponding loss in developed frictional resistance.

Pile Driving Formulas

Theoretically, it should be possible to mathematically express the correlation
known to exist between the energy delivered to the pile by the striking force of
the hammer and the energy absorbed by the penetration of the pile into the soil.
Certainly it follows that the capacity of the pile should increase as the resistance
to pile penetration increases. No pile driving formula, however, has yet been
developed that will predict pile capacity accurately and consistently in all manners
of soil. When used in conjunction with calculations and load tests formulas can,
however, serve a useful purpose. One such purpose is to correlate the number
of blows required to drive the pile a given distance, usually one inch, with that
recorded for the test piles. For equal penetration the pile in question should
develop a capacity equal to that of the test pile.

The Engineering News Formula that follows, has proved to be one of the more
reliable pile driving formulas and is preferred because of its ease of use. The
use of this formula, however, should be limited to driving solely in cohesionless
soils. It should also be recognized that results computed by this or any other
formula should be considered only as a preliminary guideline until correlated to
field tests.

- 2WeH T (8-1)

P—S+0.1 S+0.1
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In which:
P = the allowable pile load (pounds)
Wi = the weight of the striking part of the ram (pounds)
H = the height of free fall of the ram (feet)
WhwH = energy produced by a single acting hammer (ft pounds)
E = energy produced by a double acting hammer (ft pounds)
S = the pile penetration per blow after the pile has been driven to a
depth at which successive blows produce approximately the same
penetration (inches)

In pile driving terminology, the term hammer usually refers to all the moving
parts. The term ram refers to the weight that strikes the pile. There are several
different kinds of hammers. The two most frequently used in the market today
are the single acting hammer and the double acting hammer. Single acting
hammers use steam or compressed air to raise the ram, after which it is allowed
to free fall onto the pile. Double acting hammers use steam or compressed air
not only to raise the ram but also to accelerate it downward to the pile. For equal
rams, therefore, double acting hammers produce more energy than single acting
hammers because of their greater impact velocity. Note: Some pile driving compa-
nies use a differential steam hammer, the characteristics of which are similar to
those of the double acting steam hammer.

It must be recognized that many intangibles can affect the accuracy of a pile
driving formula. The reliability of soil information, the variation of soil throughout
the site, the assignment of soil values, variation in equipment efficiency and the
change in frictional resistance as a function of time are some of these intangibles.

Satisfactory pile performance combined with cost effectiveness is the ultimate
goal of the foundation engineer. This can best be achieved by making decisions
based on hands-on experience. An engineer inexperienced in pile construction
should consider associating with an engineer who has had experience in that
area. Pile driving companies are also an excellent source of information and will
readily make their services available to the architect and engineer upon request.

Engineering Responsibilities

It is the responsibility of the project engineer to establish the estimated load
bearing capacity of the piles during the design stage of the project. This will
determine the number of piles required for the support of each load and will
ultimately determine the total number of piles required for the project. This
estimated number is the number of piles upon which the contractor will bid. It
is also required that the project engineer establish the estimated length of each
pile so that the contractor has a basis of length upon which to bid. During the
actual driving operation certain piles may need to be driven deeper in order to
develop their required strength while other piles could be shortened when the
required strength can be developed at a lesser depth. This deviation in pile length
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between office and field is due to the variation in soil properties within the site
and the many intangibles that are an integral part of substructure analysis.

The contractor, of course, needs a finite basis upon which to bid. This is why
the engineer must establish the estimated number of piles and the estimated
length of each pile. The contractor will then include in his base bid a price
adjustment for the total number of piles added or deleted and the total number
of feet of pile added or deleted. The add price is usually considerably more than
the delete price. Therefore, it is in the owner’s best interest that the engineer
exercise careful judgement in his determination of these estimated quantities.
The design work that the engineer must perform in determining pile capacities
and lengths should be in accordance with Article 8-9.

The workmen in the field who are responsible for the pile driving operation
have to know when to stop driving. Theoretically, this would be when the pile
has been driven to the depth at which the specified strength is fully developed.
The field has no way of knowing the actual depth at which this will occur,
however, although they are guided, of course, by the estimated depths given on
the engineer’s drawings. The engineer must provide the field with a way of
determining when to stop driving. The Engineering News Formula may be used
for this purpose. The theory is that for a specified strength there is a specific
number of hammer blows required to advance the pile one foot. Calculations
based on this theory are illustrated in Examples 8-9 and §8-10.

The field is required to keep a running record of pile penetration correlated
to blow count. This correlation may be given in the amount of penetration per
blow or in the number of blows required for the pile to penetrate one foot.
Because of the frequency with which the hammer strikes the field may prefer to
measure the inches of penetration for a given number of blows. This measurement
is then used to determine the equivalent penetration per blow. When this penetra-
tion is equal to, or less, than the value computed by the formula, it may be
assumed that the pile has been driven to the depth required to develop the specified
strength. Driving, therefore, can stop.

Battered Piles

Timber and steel shell piles can readily be battered when required. The usual
reasons for specifying battered piles are as follows:

1. To support lateral loads in addition to vertical loads
2. To provide lateral stability

A typical battered pile installation is illustrated in Figure 8-3. Different arrange-
ments of battered piles are shown in Figure 8-4, in which:

(a) indicates an arrangement that may be used to support lateral loads acting
toward the battered pile, thereby placing that pile in compression

(b) indicates an arrangement that may be used to support lateral loads acting
in either direction; it is also an excellent arrangement where substantial
lateral bracing is required
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FIGURE 8-3. Typical installation of battered piles. [Ref. 15]

'/-Pile Cap\___”

=
(@ (b)
FIGURE 8-4. Battered pile arrangements.

8-3. TIMBER PILES

Timber piles are the least expensive of all piles and are still plentiful. Timber
piles are made by stripping the bark off of relatively straight trees, removing
limbs down to the trunk and permeating the member with creosote or some other
preservative under pressure. The trees most frequently used for piles are pine,
fir, and hemlock. The usual length of these piles is in the 25- to 35-foot range,
although longer lengths are available on special order. Timber piles are particu-
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larly conducive to the development of skin friction due to their tapered shape.
Resistance due to end bearing is of less importance in a timber pile because of
the comparatively small bearing area. The allowable load on timber piles is
usually in the order of 15 to 25 tons.

Because of the dynamics of driving, there is a tendency for the upper part of
the pile to split or to be otherwise damaged. When this occurs it is necessary to
cut off the damaged part of the pile. This may require an increase in the theoretical
length of the pile. Damage of this type can be minimized by wrapping the upper
3 feet of the pile with heavy steel bands. In many pile installations this is
routinely done.

The tip of a timber pile may also be damaged when driven through stiff soil
or through weak or moderate soil containing loose stones or boulders. This type
of damage can be prevented by attaching a metal driving point to the tip of the pile.

Load Transfer to Pile

Requirements relative to the physical characteristics, clear wood strengths and
the determination of design stresses for timber piles are itemized in the following
ASTM Standards:

ASTM Designation D-25: Standard Specification for Round Timber
Piles

ASTM Designation D-2555: Test Methods for Establishing Clear Wood
Strength Values

ASTM Designation D-2899: Test Method for Establishing Design
Stresses for Round Timber Piles

The allowable working stress in compression parallel to the grain may be
determined from the following formula, as specified in ASTM D-2899:

C= S 11.2485 SD = psi (8-2)
Where:
C is the working stress permitted in compression parallel to the grain for
green, untreated piles,
S is the average crushing strength in compression parallel to the grain, as
given in ASTM D-2555, and
SD is the standard deviation of the average crushing strength, as given in
ASTM D-2555.

Note:

1. For sample values of S, SD, and C, refer to Table 8-1.
2. Multiply the working stress by the following factor, depending on the
process of conditioning prior to treatment:

Air-dried 1.00
Steam conditioning 0.85
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TABLE 8-1. Crushing Strength in Compression Parallel to
the Grain for Timber Piles. [Ref. 2]

S SD ce
Species (psi) (psi) (psi)
Douglas fir—coast 3784 734 1370
California red fir 2758 459 1065
Western hemlock 3364 615 1251
Longleaf southern pine 4321 707 1680

?Values are based on Formula (8-2).

3. For douglas fir and southern pine piles only, increase the working stress
by 0.2L%, where L is the distance in feet from the tip of the pile to the
critical section, as defined herein.

Timber piles subjected solely to axial compression shall be designed at a cross
section through the pile called the critical section. This section is conservatively
located as follows:

1. For purely friction piles the critical section may be taken at the butt, or at
the top of the supporting stratum.

2. For piles driven to a hard stratum with sufficient energy to fully develop
their ultimate bearing strength, the critical section may be taken at the tip.

3. For piles which transfer load through a combination of friction and partial
end bearing, the critical section may be taken at the butt.

Load Transfer to Soil

The load on the pile will be transferred to the soil by a combination of shear and
end bearing. In most instances calculations will show a much higher percentage of
load being transferred through friction than through direct bearing. It is for this
reason that timber piles are frequently referred to as friction piles.

There is also a question of the effectiveness of transfer in bearing when the
pile is fitted with driving points. See Article 8-14.

8-4. STEEL SHELL PILES

Steel shell piles filled with concrete are a very popular mid-length, mid-capacity
pile. Shell piles have 12-, 14-, 16-, and 18-inch butt diameters. The surface of
the shell may be smooth or fluted and the shaft may be straight or tapered. A
fluted, tapered pile, as illustrated in Figure 8-5, will develop the optimum in
frictional resistance. A forged steel conical nose is factory-attached to the tip of
each pile to facilitate driving. End bearing, therefore, may be diminished. See
Article 8-14.
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FIGURE 8-5. Close-up of a steel shell pile showing fluted sides. [Ref. 15]

When conditions require, the pile can be stiffened to prevent possible buckling
of the shell while it is being driven. This is accomplished by installing a temporary
support, called a mandrel, inside the pile. The mandrel is positioned to bear hard
against the tip of the pile and, in order to facilitate driving, it must extend
somewhat above the top of the pile. Since the mandrel exerts its driving force
at the bottom of the pile, it is of interest to note that the mandrel actually is
pulling the pile into the ground.

After the hollow shell has been driven to proper bearing, the mandrel is
withdrawn, and the hollow shell is filled with concrete having a specified strength
no less than 2500 psi. The concrete is never allowed to free-fall but must be
installed by use of a tremie or an elephant trunk, as described in Article 8-20.

In bridge construction piles frequently project above the surface of the ground
or water. These piles then become an important consideration in the architectural
treatment of the entire area. An example of the aesthetic use of piles is shown
in Figure 8-6.
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FIGURE 8-6. The aesthetic use of piles. [Ref. 15]

Load Transfer to Pile

The maximum load that can be sustained at the butt diameter by this type of
pile is given by the following formula:

Paesign = 0.35 FyA, + 033 fIA, (8-3)

The physical properties needed for the application of this formula may be
obtained from the manufacturer. The manufacturer will also have the results of
a considerable number of load tests, and will make these available on request.

Formula (8-3) is actually an expedient and does not truly express the way in
which the load is actually distributed between the two materials. The true distribu-
tion is based on the principle that the strain in the two materials must be equal,
in which case:

PL PL
AL = AR steel = AE concrete (8-4)

As an example of the use of Formula (8-3) to determine pile capacity, assume
a 14-inch, 9-gauge steel shell pile. The manufacturer has supplied the follow-
ing data:

Fy=50ksi fi=4ksi A, =675si A.=136si
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Therefore, substituting into Formula (8-3):
Piesign = 0.35 x 50 x 6.75 + 0.33 x 4 x 136 = 298 kips

Load Transfer to Soil

The load on a steel shell pile will be transferred to the soil by a combination of
shear and end bearing. Because of the use of a metal shoe to prevent damage to
the tip of the pile while being driven, there may be a loss in end bearing
effectiveness. Refer to Article 8-14.

8-5. STRUCTURAL STEEL HP PILES

The shapes used in steel pile construction are identified by the symbol HP and
are available in 8-, 10-, 12-, and 14-inch sizes. These shapes are similar to W
shapes, except that the web thickness has been increased to the same thickness
of the flange in order to insure the integrity of the pile while it is being driven.
Properties of these shapes are given in Part 1 of the AISC Manual of Steel Con-
struction.

Structural steel piles are used to support major construction either by frictional
resistance or by end bearing. The full advantage of this type of pile is realized,
however, only when driven to bedrock; in which case the allowable load on each
pile may exceed 200 tons. Structural steel piles are particularly suited for driving
to end bearing, even though the penetration must be made through difficult stratas
that contain hard lenses, boulders, or other obstructions. Because of the ease
with which steel can be spliced by welding, a structural steel pile can be extended
in length almost without limit.

HP shapes also serve as soldier beams and are frequently used in that capacity
in projects involving major excavation. This use is briefly discussed in Article
10-4.

Load Transfer to Pile

HP piles are manufactured in steel having a minimum yield stress of 36 ksi, and
a 50-ksi yield point is available for special conditions. The allowable working
stress on these piles is usually limited by code to 0.35 F,. The design load of
the pile may be computed using the first term of Formula (8-3). An HP 12 x 53
pile, for example, with a cross-sectional area of 15.5 square inches would develop
an allowable axial load of:

Paesign = 0.35 FyA, = 035 x 36 X 15.5 = 195 kips

Load Transfer to Soil

HP piles should be designed to transfer their load through end bearing or through
friction, but not both. HP piles can be designed for end bearing only when the
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Section Net perimeter

HP 14 X 14 4.75 feet

HP 12X 12 4.00 feet

HP 10 X 10 3.33 feet

HP8X8 2.67 feet

FIGURE 8-7. Net perimeter of HP steel piles for use in shear computations. [Ref. 24]

tip of the pile bears on hard rock. Otherwise, the pile should be designed as a
friction pile. This is because the cross section of the pile can not effectively
transfer load to soil through end bearing.

The question of the interaction between an end bearing pile and the rock upon
which it is seated has been addressed by load tests in which the load was increased
until there was evidence of failure. These tests gave clear evidence that primary
failure occurred in the pile and not in the rock. The tests showed that the flanges
or web of the pile will buckle locally at stresses approximately equal to the yield
point of the steel. There will be no further penetration into the rock because rock
confined laterally in its natural state can resist very high localized compression
stresses without crushing. When designed as end bearing on rock, additional
resistance based on shear is ignored.

When HP piles are installed as friction piles, the friction is assumed to be
developed on the net perimeter of the cross section as given in Figure 8-7. When
designed as friction piles, additional resistance based on end bearing is ignored.

8-6. STEEL PIPE PILES

Steel pipe is typically manufactured by the seamless or cold formed process,
with yield points of 35 or 46 ksi. Properties of available pipe sizes are given in
Part 1 of the AISC Manual of Steel Construction.

Steel pipe piles combine certain characteristics of HP piles and steel shell
piles. Their driving characteristics are much like those of the HP piles, in that
they can be driven through difficult stratas and can readily be extended to end
bearing due to the ease of welding one section to another. As was the case
with HP piles, the full advantage of the pipe pile is realized only when driven
to bedrock.

The center of a steel pipe is open. It may be driven open or closed. When
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driven open the pipe will quickly fill with soil. Unless periodically removed, this
soil will pack so tightly that the pile will drive as if it were closed. Soil removal
is usually accomplished by compressed air or water jet. Soil can be prevented
from entering the pipe by welding a steel plate to the end of the pipe. This will
make the driving that much more difficult but avoids the problem of entrapped soil.

Load Transfer to Pile

A steel pipe pile shares with the steel shell pile the option of being filled with
concrete. The maximum load capacity of the pile may be computed from Formula
(8-3) for both the filled and unfilled conditions. For example, the maximum load
capacity of an unfilled 8”¢ @ 43.39 steel pipe pile having a cross sectional area
of 12.8 square inches and a yield stress of 35 ksi would be computed using the
first term of Formula (8-3):

Paesign = 0.35 F,A, = 035 x 35 x 12.8 = 156 kips

If we assume that the pile is filled with 3000 psi concrete, then the additional
load would be found using the second term of Formula (8-3):

T 7.625?

Pdesign =0.33 f,cAc =033 x3x n

= 45 kips

(where 7.625 inches is the inside diameter of the pipe.)

Load Transfer to Soil

The transfer of load from a steel pipe to rock or soil is the same as that for a
HP pile with one exception. When a steel closure plate is welded to the pipe,
the pipe can then be designed to transfer load directly to soil through end bearing
alone, or in combination with friction.

8-7. CONCRETE PIERS

The term pier describes a type of foundation in which a continuous flight auger
(much like a large corkscrew) is drilled into the ground, the earth spoils are
removed from the hole and the resulting shaft is filled with concrete. An example
of a pier hole being dug with a continuous flight auger is illustrated in Figure
8-8. Because piers are drilled, rather than driven, there is considerably less noise
and vibration than in a pile installation. On the down side, however, piers develop
less skin friction than piles due to the lack of soil densification inherent in the
pile driving operation.

It is the nature of piers that their base is flat ended. They are, therefore, very
effective in resisting load through end bearing. Modern drilling machinery permits
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FIGURE 8-8. A pier being dug with a continuous flight auger.

a limited belling out at the base of the pier when in a cohesive soil. Such bells
can not be inspected by hand, but can only be inspected from ground level.

There are several methods by which a pier can be installed, the selection of
which depends on the characteristics of the soil through which the pier must be
extended and on the preference of the contractor.

Installation in Clay

When the soil is predominantly clay, there will be sufficient cohesion so that the
side walls of the open shaft will stand without collapsing or spalling off. This
is the essential ingredient to the use of this method. Excavation is started by
advancing the auger into the ground through a process of machine induced
rotation. During this work the earth becomes enmeshed within the continuous
cutting edge of the auger. The auger is advanced into the ground to a depth
determined by the contractor, usually in the neighborhood of three to four feet.
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FIGURE 8-9. Placement of dowels in pier for anchorage of other elements.

Rotation is then stopped, and the auger is pulled up out of the ground, bringing
the enmeshed earth spoils with it. These spoils are then removed by hand, and
the auger is reinserted. This operation can be repeated as many times as necessary
to produce a clean hole to the depth required by the contract drawings. After the
hole has been completed a prefabricated reinforcing cage can be installed, if one
is required. Most piers, however, are not reinforced except for the installation
of dowels, which may be required to receive other elements of the building. A
typical dowel installation is shown in Figure 8-9. The hole is then filled with
concrete with the use of a tremie or an elephant trunk. Free fall must not be
permitted, otherwise the materials will separate and the mass will lose strength.
When using a tremie the concrete flows into the open hole only with the force
of gravity. With the elephant trunk, the concrete must be pumped under a small
head of pressure. In neither case will the concrete exert enough lateral pressure
against the side walls of the hole to densify the soil significantly. The concrete
will, however, flow into and fill any voids or large fissures extending out from
the hole. The friction developed between the concrete and the soil in this type
of installation will be less than that developed by any of the various piles installed
by driving.

The general procedure by which a pier is installed in sound clay using a
continuous flight auger is illustrated in Figure 8-10, in which:

(a) The auger is advanced and withdrawn in stages until reaching contract
depth. During this work, the side walls must remain intact.
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Soil enmeshed
in auger

Undisturbed earth

FIGURE 8-10. Procedure for installing a pier in clay using a continuous flight auger.

(b) The open hole is now at contract depth and is cleaned of any debris.
(¢) Reinforcing, particularly dowels, can be placed at this time if required.
(d) The hole is concreted from the bottom up, using a tremie or elephant trunk.

Although this method of pier installation is the simplest of methods it is only
applicable when the exposed earth walls remain stable throughout the process.
The sporadic collapse of the walls due to weak pockets of soil or excessive
seepage of water could render this method impractical. If it is demonstrated that
this method is impractical, a bentonite slurry or a steel liner would have to be
used to ensure the stability of the walls. The use of these materials is described
in subsequent paragraphs.

Installation in Sand, With Slurry

When the soil is predominantly sand, there will be insufficient cohesion to keep
the earth walls from collapsing into the hole. The earth spoils, therefore, can not
be removed by simply pulling the auger out of the hole, as is done with an
installation in clay. There are two methods by which this work can be done.

Method #1: This method of pier installation is similar to that described for clay
except that a slurry of bentonite and water is circulated into the hole as it is
being drilled. This slurry is used to prevent the cave-in which would normally
occur in the side walls of a sandy or mixed-grained excavation. Bentonite, as
discussed in Article 13-3, exhibits considerable increase in volume when
exposed to water. When it is confined, as in the case of an open hole, the
bentonite will exert a significant lateral pressure against the side walls of the
hole. The slurry is continuously introduced into the open hole during the
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FIGURE 8-11. Procedure for installing a pier in sand using a continuous flight auger.

drilling process with a sufficient head of pressure to insure the integrity of the
side walls against cave-in or influx of water. After the hole has been extended
to contract depth and, while it is still filled with slurry, a reinforcing cage can
be installed if one is required. The hole is then filled with concrete following
the procedure described in the clay installation. Since the concrete is heavier
than the bentonite slurry, it will force the slurry up to the surface from where
it can be collected and disposed. Care must be taken in the disposal of the
recovered slurry. Small volumes can probably be disposed of on-site. Larger
volumes, however, should be taken to an approved off-site disposal area.
This method of installing a pier in sand is illustrated in Figure 8-11, in which:

(a) The auger is advanced and withdrawn in stages until reaching contract
depth. During this time a slurry of bentonite is continuously added to
the excavation.

(b) The auger, along with the last of the earth spoils, is withdrawn, leaving a
hole cleaned of earth but filled with bentonite slurry.

(c) Reinforcing can be placed through the slurry at this time, if required.
Dowels for the attachment of other building elements should be installed
at this time.

(d) The hole is filled with concrete, using a tremie or elephant trunk extending
through the slurry. The concrete displaces the slurry and forces it to the
surface, where it is collected and disposed.

This method can also be used for pier installation in clay when the side
walls lack sufficient cohesion to remain stable throughout the process.

Method #2: In this method, a temporary steel liner is lowered into the excavation
after the excavation has been filled with the same bentonite slurry described
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FIGURE 8-12. Temporary liners in place in a pier hole filled with slurry.

in Method #1. The liner can be installed during the drilling process or after
the drilling has been completed. The diameter of the liner must be several
inches less than the diameter of the drilled hole. The liner can be bedded
against the bottom of the hole thereby producing a reasonable seal. Because
the liner was lowered into the excavation through standing slurry there is now
slurry within the liner and also in the space between the liner and the earth.
This condition is illustrated in Figure §-12.

The slurry within the liner is now removed. This results in an open hole
which is relatively easy to reinforce and concrete. The temporary shell is
withdrawn during the concreting operation. Care must be taken to maintain
sufficient head of concrete within the liner in order to prevent reduction in the
diameter of the pier due to earth pressure on the fresh concrete and to prevent
extraneous material from contaminating the concrete. Note that during this
process the concrete displaces the slurry that was contained in the space between
the liner and the earth wall. This procedure is illustrated diagrammatically in
Figure 8-13.

This method can also be used for pier installation in clay when the side
walls lack sufficient cohesion to remain stable throughout the process.

— Open hole with
slurry removed

Thin ring of slurry will be
displaced by concrete

12" minimum
overlap

Temporary liner removed
as concrete is poured

Specified shaft
diameter

FIGURE 8-13. Procedure for removal of a steel liner during the pouring of concrete.
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Installation in Sand, With Hollow Shaft Auger

A frequently used method by which a pier can be installed in sandy soil is to
use a special type of auger having a hollow shaft. After the auger has been
advanced to the intended depth, cement grout is pumped under considerable
pressure into the hollow shaft by pumping equipment stationed at ground level.
The grout travels down through the shaft and exits into the soil at the bottom of
the hole. The force of the grout pushing against this soil lifts the auger with its
enmeshed earth up and out of the hole. The lateral pressure exerted by the grout
is sufficient not only to fill all voids and fissures but to actually compact and
densify the surrounding soil as well. The volume of grout pumped into the hole
is usually at least 15 percent greater than the computed volume of the open hole.
This method of installation develops the maximum possible skin friction between
a pier and the surrounding earth. One of the negative aspects of this method,
however, is that there is no way in which the pier can be reinforced.

A typical pier installation using this method is illustrated in Figure 8-14,

in which:

(a) The auger is advanced through the soil to contract depth.

(b) Grout is pumped through hollow shaft in the auger. This forces the auger
and the enmeshed earth spoils to the surface. Note that as the auger is
raised the grout pushes against the side walls, thus filling voids and fissures
and densifying any soft spots.

Load Transfer to Pier

Concrete piers may be reinforced or unreinforced. The allowable load for which
either type may be designed is given by Formula (8-3). When the pier is installed
in cohesive soil or in sandy soil with a steel liner it is relatively easy to place

FIGURE 8-14. Procedure for installing a pier in sand using a hollow shaft auger.
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reinforcing and to hold it in proper position. This is because the work is being
done in an open hole. When the pier is installed in sandy soil with a bentonite
slurry the reinforcing is more difficult to place since it must be pushed through
the slurry.

Even though a pier may be unreinforced the load computed by Formula (8-3)
is usually substantially more than the pier can transfer into the ground. The one
exception to this is when the transfer is solely due to end bearing on rock or
extremely hard material. In this case reinforcing may be required in order to
fully develop the load transfer capacity of the pier.

Load Transfer to Soil

The load on a concrete pier is usually transferred to the soil through shear and
end bearing. Note that end bearing developed by a pier is greater than that of a
pile because of the difference in bearing area. When a pier bears on rock or
extremely dense soil, the contribution of shear is ignored.

8-8. CAISSONS

The term caisson, as used in this text, is reserved for elements of large diameter,
usually 24 to 48 inches, which are drilled into the ground much like a pier but
which are then belled out at the base to provide additional bearing area. A typical
caisson is shown diagrammatically in Figure 8-15.

The augers used for drilling the shaft of a caisson are substantial pieces of
equipment, as illustrated in Figure 8-16. This auger is designed to be used for
drilling in earth. Note in this figure that as the auger is withdrawn it brings to
the surface the enmeshed earth spoils. Augers can also be equipped with carbide
teeth when required for drilling in rock.

Caissons can be installed in any kind of soil. Installation in granular soils
requires the use of a temporary steel liner that is lowered by machine into the
shaft during the drilling process. Figure 8-17 illustrates such a liner being lowered
into an open shaft. The side walls of cohesive soils may stand without the need
for liners.

It must be noted that bells can only be dug in cohesive soils whose side walls
will remain secure throughout the entire operation. In soils in which the side
walls in the region of the bell will not stand or in soils in which the side walls
are even suspect, bells cannot be used. In this event the shaft of the caisson must
be increased to provide the required bearing area. This, of course, requires
considerably more excavation, concrete and man hours.

When the soil is conducive to the installation of bells, the forming of the bells
can be started by machine, but with large bells the work must ultimately be
completed by hand. It is, therefore, a safety requirement that temporary steel
liners must be installed in the shaft as the work progresses. This safety precaution,
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FIGURE 8-15. Typical caisson detail.

which cannot be waived, must be taken regardless of how stable the side walls
of the hole appear to be.

Men working in a bell far below the surface of the earth may deplete more
oxygen than can be replaced by the movement of air. It should be required,
therefore, that a pump and hose be provided to insure a fresh and adequate supply
of air at all times while men are in the bell area.

When there is ground water and a bell is to be formed, these liners can be
welded so as to provide an essentially water tight excavation. Pumps must be
provided, however, to take care of leakage or influx of water from the exposed
earth forming the sides of the bell.

In the early days of bridge construction, there were situations where caissons
had to be excavated to a considerable depth below standing water. The pumps
of that day were frequently unable to control the leakage of water into the working
area. In those situations, an air tight chamber would be built above the caisson.
The workmen would wait in this chamber while compressed air was introduced
into the area. The pressure of this compressed air would force the water out of
the caisson, thus providing a reasonably dry area in which to work. Men working
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FIGURE 8-16. A large diameter earth auger used in caisson construction.

in this area, however, could only work for short periods of time after which they
had to return to the surface and to fresh air. Because of the crippling effect that
compressed air can have on a man’s blood when released too quickly, it was
essential that the workmen go through a controlled process of decompression.
This was accomplished by carefully monitoring the time spent in ascending up
to the surface. If the ascent was too rapid, the man could suffer a life threatening
disease called the bends.

During present day operations and before concreting, the bell must be cleaned
out, leveled and inspected. Concreting is then performed with the use of a tremie
or elephant trunk. The steel liner is usually lifted up and recovered as the concrete
is placed. The lifting of the liner should always lag behind the depositing of
concrete to insure the stability of the side walls. This detail was previously
illustrated in Figure 8-13.
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FIGURE 8-17. Installation of steel liners in pier and caisson work.

Load Transfer to Caisson

Caissons, like piers, may be reinforced or unreinforced. The majority of cais-
sons are reinforced, however, because this will substantially reduce the diameter
of the shaft, thus realizing a savings to both excavation and concrete. This is
demonstrated in Example 8-8.

The allowable load that a caisson can support may be computed by Formula
(8-3).

Load Transfer to Soil

The primary purpose of a caisson is to transfer extremely heavy building loads
to bedrock or very dense soil through direct bearing. The majority of caissons,
therefore, are belled out to increase the bearing area. Skin friction is also developed
between the shaft of the caisson and the surrounding earth. This contribution,
however, is small compared to that of direct bearing and is customarily ignored.
Procedures for determining allowable bearing pressures are given in Article 14-
7 for rock, Article 8-12 for clay, and Article 8-13 for sand.

8-9. ULTIMATE LOAD
CARRYING CAPACITY

There are almost as many different ways used to compute the ultimate load
carrying capacity of piles, piers, and caissons as there are books on the subject.
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The procedures that follow draw on several of those different ways and on the
experience of the author.

It is known that these elements derive their load carrying ability from shear
or end bearing or a combination of both, as described as follows:

1. The development of shear between the surface of the shaft and the earth
with which it is in contact. This shear is usually called skin friction when
referring to cohesionless soils and may be called adhesion when referring
to cohesive soils.

2. End bearing between the base of the element and the soil upon which it bears.

The ultimate load carrying capacity may be computed numerically by the
following formula:

Quitimate = Dshear + Qbearing (8-5)

Where:
Qqhear 1s numerically equal to the ultimate unit shear times the surface area
of the shaft, and
Obearing 18 numerically equal to the ultimate unit bearing capacity times the
bearing area of the base.

The concept of ultimate load resistance as presented in Formula 8-5 is illustrated
graphically in Figure 8-18.

The determination of reasonable values for unit shear and unit bearing is a
function of the type of soil through which the foundation is installed and upon
which it bears.

The development of shearing resistance can only occur when there is very
slight vertical slippage between the foundation and the adjacent soil. When the
foundation has been extended to refusal or to a soil that is substantially stronger
than the soil above, it is very doubtful that the slippage necessary to develop
shear will occur. In this case, the foundation should be designed solely on the
basis of end bearing.

8-10. ULTIMATE SHEAR STRESS DUE TO
COHESION—CLAY

The ultimate capacity in shear developed by cohesion along the surface of contact
between the shaft of a pile or pier and the surrounding clay may be computed
from the following formula:

f=hc (8-6)
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Qultimate

_> ‘_ Lateral confining force (P) equals
unit pressure times area

Qghear (friction for sand,
adhesion for clay)

\\Lh-’u’);
Obearing
FIGURE 8-18. Factors contributing to the ultimate soil resistance of a pile, pier, or
caisson.
In which:

f = the ultimate unit shear capacity (psf)

A = a cohesion reduction factor

¢ = the unit cohesion, usually taken equal to one-half the unconfined compres-
sion strength g, (psf)

The numerical value of this cohesion reduction factor is primarily dependent
upon the following items:

1. The method by which the member is installed—remember, piles are driven,
piers are drilled

2. For piles—the consistency of the clay, as given by its unconfined compres-
sion strength

3. For piers—was the bore hole dry or was a bentonite slurry added to control
soil cave-in or influx of water

Pile driving remolds the clay in the immediate area of the pile. This has the
effect of causing a temporary loss in cohesion for soft, sensitive clays. This is
usually followed by a slow recovery. With stiffer clays, the loss is more permanent.
Drilled shafts also exhibit a loss in cohesion due to the bleeding of water from
the freshly poured concrete into the adjacent clay.
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FIGURE 8-19. Cohesion reduction factor A for piles installed in clay. [Ref. 16]

The cohesion reduction factors which follow reflect those that can normally
be anticipated after recovery:

For HP piles: 1.0 for all clays

For other piles: Values are given in Figure 8-19

For piers, [Ref. 8]: a. 0.5 with a dry hole, but (f) shall not exceed 1800 psf
b. 0.3 with a bentonite slurry, but (f) shall not exceed 800 psf

For caissons: 0.0 because caissons are end bearing elements

In piers there is evidence of a zone of reduced contact at the top of the shaft
where the shear strength due to cohesion may not be fully developed. This is
due, in all probability, to the drying out of the upper strata of the clay and its
subsequent shrinking away from the shaft. Within this zone it is considered
prudent to ignore any effect of cohesion. Unless the height of this zone can be
more accurately determined, a height of 5 feet is recommended.

8-11. ULTIMATE SHEAR STRESS DUE TO
SKIN FRICTION—SAND

The concept of skin friction, as developed along the surface of contact between
the shaft of a pile or pier and the surrounding sand, is illustrated graphically in
Figure 8-20.

The ultimate capacity in shear thus developed can be computed from the
following formula:
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FIGURE 8-20. The development of skin friction in sand.

f=YD¢K Tand 8-7)

In which:
f = the ultimate unit shear capacity (psf)
vy = the unit weight of the in situ soil (pcf)
D = the depth below the surface of the earth at which the shear is to be
calculated (feet)
YDy = the effective overburden pressure (psf)—see note (a)
K = the coefficient of lateral pressure—see note (b)
YDiK = the lateral pressure caused by the overburden pressure YDy (psf)
Tand = the coefficient of fri<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>