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GEO-114 EXAM PREVIEW

Instructions:

e At your convenience and own pace, review the course material below. When ready,
click “T'ake Exam!” above to complete the live graded exam. (Note it may take a few
seconds for the link to pull up the exam.) You will be able to re-take the exam as
many times as needed to pass.

Upon a satisfactory completion of the course exam, which is a score of 70% or
better, you will be provided with your course completion certificate. Be sure to
download and print your certificates to keep for your records.

Exam Preview:

1. The engineering analysis of soils is often more complex than the analysis of other
construction materials because soil is not a continuum.

a. True
b. False

. A great deal of geotechnical information can and should be gathered during the
construction phase of a project to validate or revise the geotechnical design
parameters. A geotechnical design is considered complete wen construction starts.

a. True
b. False

. Which activity is the last step of the activity flowchart for a typical Geotechnical
design-bid-build project?
a. Troubleshoot Construction Problems
b. Establish Construction Quality Assurance Criteria & Monitoring Program
c. Prepare Project-specific Special Provisions
d. Provide Post-Construction Services such as Instrumentation Monitoring

. Which phase of Geotechnical Engineer involvement in a project would be to review
tinal plans & make appropriate adjustments to geotechnical information if necessary.
a. 1

b.
C.
d.



https://www.proprofs.com/quiz-school/story.php?title=geo114-9-hrs-nhi-soils-foundations-stress-strain-in-soilsnw

. The volumes and weights of the different phases of matter in a soil mass can be
represented by a block diagram which also known as a:
a. Gannt Diagram
Phase Diagram

b.
c. Flow Diagram
d.

Stress Diagram

. Which soil property defines relative volume of voids to total volume of soil?
a. Porosity
b. Void Ratio
c. Moisture Content
d. Specific Gravity

. Moisture content is used for soil classification & in weight volume relations.
a. True
b. False

. The solid phase of soil is composed of soil grains. Particles having sizes larger than
the No. ____ sieve are termed “coarse-grained”.
a. 100
b. 200
c. 300
d. 400

. Uniformly Loaded Continuous (Strip) and Square Footings - A loaded area is
considered to be infinitely long when its length, L, to width, B, ratio is greater than or
equal to 100, i.e., L/B = 100.

a. True
b. False

10. Effect of Shear Strength of Soils on Lateral Pressures - Elastic theory, when suitably
modified to reflect observed phenomena in soils, provides a tool to obtain a
reasonable first approximation to a solution for many problems in geotechnical
engineering. However, elastic theory does not recognize the role of shear strength of
soil in the development of lateral pressures.

a. True

b. False
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NOTICE

The contents of this report reflect the views of the authors, who are responsible for the
facts and the accuracy of the data presented herein. The contents do not necessarily
reflect policy of the Department of Transportation. This report does not constitute a

standard, specification, or regulation. The United States Government does not endorse

products or manufacturers. Trade or manufacturer's names appear herein only because
they are considered essential to the objective of this document.
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PREFACE

This update to the Reference Manual for the Soils and Foundations course was developed to
incorporate the guidance available from the FHWA in various recent manuals and Geotechnical
Engineering Circulars (GECs). The update has evolved from its first two versions prepared by
Richard Cheney and Ronald Chassie in 1982 and 1993, and the third version prepared by
Richard Cheney in 2000.

The updated edition of the FHWA Soils and Foundations manual contains an enormous amount
of information ranging from methods for theoretically based analyses to “rules of thumb”
solutions for a wide range of geotechnical and foundation design and construction issues. Itis
likely that this manual will be used nationwide for years to come by civil engineering
generalists, geotechnical and foundation specialists, and others involved in transportation
facilities. That being the case, the authors wish to caution against indiscriminate use of the
manual’s guidance and recommendations. The manual should be considered to represent the
minimum standard of practice. The user must realize that there is no possible way to cover all
the intricate aspects of any given project. Even though the material presented is theoretically
correct and represents the current state-of-the-practice, engineering judgment based on local
conditions and knowledge must be applied. This is true of most engineering disciplines, but it is
especially true in the area of soils and foundation engineering and construction. For example,
the theoretical and empirical concepts in the manual relating to the analysis and design of deep
foundations apply to piles installed in the glacial tills of the northeast as well as to drilled shafts
installed in the cemented soils of the southwest. The most important thing in both applications is
that the values for the parameters to be used in the analysis and design be selected by a
geotechnical specialist who is intimately familiar with the type of soil in that region and
intimately knowledgeable about the regional construction procedures that are required for the
proper installation of such foundations in local soils.

General conventions used in the manual

This manual addresses topics ranging from fundamental concepts in soil mechanics to the
practical design of various geotechnical features ranging from earthworks (e.g., slopes) to
foundations (e.g., spread footings, driven piles, drilled shafts and earth retaining structures). In
the literature each of these topics has developed its own identity in terms of the terminology and
symbols. Since most of the information presented in this manual appears in other FHWA
publications, textbooks and publications, the authors faced a dilemma on the regarding
terminology and symbols as well as other issues. Following is a brief discussion on such issues.
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Pressure versus Stress

The terms “pressure” and “stress” both have units of force per unit area (e.g., pounds per
square foot). In soil mechanics “pressure” generally refers to an applied load distributed
over an area or to the pressure due to the self-weight of the soil mass. “Stress,” on the other
hand, generally refers to the condition induced at a point within the soil mass by the
application of an external load or pressure. For example, “overburden pressure,” which is
due to the self weight of the soil, induces “geostatic stresses” within the soil mass. Induced
stresses cause strains which ultimately result in measurable deformations that may affect the
behavior of the structural element that is applying the load or pressure. For example, in the
case of a shallow foundation, depending upon the magnitude and direction of the applied
loading and the geometry of the footing, the pressure distribution at the base of the footing
can be uniform, linearly varying, or non-linearly varying. In order to avoid confusion, the
terms “pressure” and “stress” will be used interchangeably in this manual. In cases where
the distinction is important, clarification will be provided by use of the terms “applied” or
“induced.”

Symbols

Some symbols represent more than one geotechnical parameter. For example, the symbol C
is commonly used to identify the coefficient of curvature of a grain size distribution curve as
well as the compression index derived from consolidation test results. Alternative symbols
may be chosen, but then there is a risk of confusion and possible mistakes. To avoid the
potential for confusion or mistakes, the Table of Contents contains a list of symbols for each
chapter.

Units

English units are the primary units in this manual. Sl units are included in parenthesis in the
text, except for equations whose constants have values based on a specific set of units,
English or SI. In a few cases, where measurements are conventionally reported in SI units
(e.g., aperture sizes in rock mapping), only Sl units are reported. English units are used in
example problems. Except where the units are related to equipment sizes (e.qg., drill rods),
all unit conversions are “soft,” i.e., approximate. Thus, 10 ft is converted to 3 m rather than
3.05m. The soft conversion for length in feet is rounded to the nearest 0.5 m. Thus, 15 ftis
converted to 4.5 m not 4.57 m.
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Theoretical Details

Since the primary purpose of this manual is to provide a concise treatment of the
fundamental concepts in soil mechanics and an introduction to the practical design of various
geotechnical features related to highway construction, the details of the theory underlying
the methods of analysis have been largely omitted in favor of discussions on the application
of those theories to geotechnical problems. Some exceptions to this general approach were
made. For example, the concepts of lateral earth pressure and bearing capacity rely too
heavily on a basic understanding of the Mohr’s circle for stress for a detailed presentation of
the Mohr’s circle theory to be omitted. However, so as not to encumber the text, the basic
theory of the Mohr’s circle is presented in Appendix B for the reader’s convenience and as
an aid for the deeper understanding of the concepts of earth pressure and bearing capacity.

Standard Penetration Test (SPT) N-values

The SPT is described in Chapter 3 of this manual. The geotechnical engineering literature is
replete with correlations based on SPT N-values. Many of the published correlations were
developed based on SPT N-values obtained with cathead and drop hammer methods. The
SPT N-values used in these correlations do not take in account the effect of equipment
features that might influence the actual amount of energy imparted during the SPT. The
cathead and drop hammer systems typically deliver energy at an estimated average
efficiency of 60%. Today’s automatic hammers deliver energy at a significantly higher
efficiency (up to 90%). When published correlations based on SPT N-values are presented
in this manual, they are noted as Ngo-values and the measured SPT N-values should be
corrected for energy before using the correlations.

Some researchers developed correction factors for use with their SPT N-value correlations to
address the effects of overburden pressure. When published correlations presented in this
manual are based upon values corrected for overburden they are noted as N1g. Guidelines
are provided as to when the Ngo-values should be corrected for overburden.

Allowable Stress Design (ASD) and Load and Resistance Factor Design (LRFD)
Methods

The design methods to be used in the transportation industry are currently (2006) in a state of
transition from ASD to LRFD. The FHWA recognizes this transition and has developed
separate comprehensive training courses for this purpose. Regardless of whether the ASD or
LRFD is used, it is important to realize that the fundamentals of soil mechanics, such as the
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determination of the strength and deformation of geomaterials do not change. The only
difference between the two methods is the way in which the uncertainties in loads and
resistances are accounted for in design. Since this manual is geared towards the fundamental
understanding of the behavior of soils and the design of foundations, ASD has been used
because at this time most practitioners are familiar with that method of design. However, for
those readers who are interested in the nuances of both design methods Appendix C provides
a brief discussion on the background and application of the ASD and LRFD methods.
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SI CONVERSION FACTORS

APPROXIMATE CONVERSIONS FROM SI UNITS

Symbol When You Multiply By To Find Symbol
Know
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0,0015 square inches in?
m? square meters 10.758 square feet ft?
m? square meters 1.188 square yards yd?
ha hectares 247 acres ac
km? square kilometers 0.386 square miles mi?
VOLUME

ml milliliters 0.034 fluid ounces fl oz
| liters 0.264 gallons gal
m? cubic meters 35.29 cubic feet ft?
m° cubic meters 1.295 cubic yards yd®

MASS
g grams 0.035 ounces 0z
kg kilograms 2.205 pounds Ib
tonnes tonnes 1.103 US short tons tons
TEMPERATURE
oC Celsius | 1.8°C + 32 | Fahrenheit oF
WEIGHT DENSITY
kN/m? kilonewtons / cubic 6.36 Pound force / cubic foot pcf
meter
FORCE and PRESSURE or STRESS
N newtons 0.225 pound force Ibf
kN kilonewtons 225 pound force Ibf
kPa kilopascals 0.145 pound force / square inch psi
kPa Kilopascals 20.88 pound force / square foot psf
PERMEABILITY (VELOCITY)
cm/sec centimeter/second 1.9685 | feet/minute ft/min
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SASW Spectral analysis of surface waves

SBT Soil behavioral type

SCPTu Seismic cone piezocone penetration test

SPT Standard Penetration Test

SWPPP Storm Water Pollution Prevention Plan

ts Shear wave time

Um Pore water pressure

USCS Unified Soil Classification System

USEPA United States Environmental Protection Agency

USGS Unites States Geological Survey

v Impact velocity

VST Vane shear test

w Work

Chapter 4

AASHTO American Association of State Highway and Transportation Officials
ASTM American Society for Testing and Materials

Ce. Coefficient of curvature

Cu Coefficient of uniformity

D1o Diameter of soil particles of which 10% of the soil is finer
D3g Diameter of soil particles of which 30% of the soil is finer
Dso Diameter of soil particles of which 60% of the soil is finer
DOT Department of Transportation

EGS Effective grain size

F Percent passing No. 200 sieve

FHWA Federal Highway Administration

Gl Group index

GIS Geographic information system

GSD Grain size distribution

IGM Intermediate geomaterial

Is Point load index

ISRM International Society of Rock Mechanics

LI Liquid index

LL Liquid limit

N SPT blows per foot
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Neo
NAVFAC
Pl

PL

RMR
RQD
SPT

u.S.
USCS
USDA

Chapter 5
A

A
AASHTO
ASTM

B
C
C
Ca

c
C'cu
CBR
Ce
Cee
CD
CF
Ch

Co
CP
Cr
Cre

Csat

Cu

Energy-corrected SPT-N value adjusted to 60% efficiency
Naval Facilities Engineering Command

Plasticity index

Plastic limit

Rock mass rating

Rock quality designation

Standard penetration test

United States

Unified Soil Classification System

United States Department of Agriculture

Activity index
Area

American Association of State Highway and Transportation Officials

American Society for Testing and Materials
Bulk modulus

Cohesion

Permeability coefficient

Coefficient of secondary compression
Effective stress cohesion intercept
Effective stress cohesion from CU test
California Bearing Ratio

Compression index

Modified compression index

Consolidated drained triaxial test

Clay fraction

Coefficient of horizontal consolidation
Compacted cohesion

Collapse potential

Recompression index

Modified recompression index

Saturated cohesion

Consolidated undrained triaxial test
Apparent cohesion

Coefficient of consolidation

Coefficient of vertical consolidation
Secondary compression index

Modified secondary compression index
Distance between contact points of platens
Vane diameter

Diameter of soil particles of which 10% of the soil is finer
Diameter of soil particles of which 60% of the soil is finer
Equivalent core diameter

Maximum diameter of soil particle
Minimum diameter soil particles
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D, Relative density

ds Equivalent diameter

e Void ratio

€max Maximum void ratio

€min Minimum void ratio

E Young modulus

Ei Elastic modulus of intact rock

Em Elastic modulus of rock mass

Emax Maximum void ratio

€min Minimum void ratio

€o Initial void ratio

E or Es Elastic modulus

FHWA Federal Highway Administration

g Gravitational constant

G Shear modulus

Gs Specific gravity

H Height of vane

H Soil layer thickness

H/D Height to diameter ratio

Ho Initial height of specimen

i Angle of taper at the bottom of the vane

IL Incremental load

I Point load strength index

Is(s0) Size-corrected point load strength index

it Angle of taper at the top of the vane

k Hydraulic conductivity

KpLT Size correction factor

LI Liquid index

LIR Load increment ratio

LL Liquid limit

LVDT Linear variable differential transducer

md Man-days

MPC Modified Proctor compaction

M Mass of solid component of sample

M Total mass

N Normal stress

N SPT blows per foot

N1go Overburden-normalized energy-corrected blowcount
Nso Energy-corrected SPT-N value adjusted to 60% efficiency
NAVFAC Naval Facilities Engineering Command
NC Normally consolidated

Nh Rate of increase of soil modulus with depth
oC Over consolidated

OCR Overconsolidation ratio

OoMC Optimum moisture content

P Breaking load
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Pe Maximum past effective stress

Pe Preconsolidation pressure

Pl Plasticity index

PL Plastic limit

Po Effective overburden pressure

Pt Total vertical stress

(o8 Cone tip resistance

Qu Unconfined compression stress

RC Relative compaction

RMR Rock mass rating

RQD Rock quality designation

S Degree of saturation

S, St Sensitivity

Scollapse Collapse settlement

SL Shrinkage limit

SPC Standard Proctor compaction

SPT Standard penetration test

Sy vsT Remolded undrained shear strength (obtained by using VST data)
St VST Sensitivity (obtained by using VST data)

Sy Undrained shear strength

Su, vsT Undrained shear strength (obtained by using VST data)
Su/Po Undrained strength ratio

T Tangential (shear) force

T Torque (related to VST)

t Vane edge thickness

t100 Time corresponding to 100% of primary consolidation
Tmax Maximum torque (related to VST)

Thet Difference between Tmax and Trog

Trod Rod friction (related to VST)

u Pore water pressure

ucC Unconfined compression test

U.S. United States

USBR United States Bureau of Reclamation

USCS Unified Soil Classification System

uu Unconsolidated undrained triaxial test

\% Coefficient of variation

Vs VVolume of soil solids

VST Vane shear test

Vi Total volume

wW Specimen width

w Water content

Wh Natural moisture content

Wopt Optimum moisture content

W Weight of solid component of soil

Wi Total weight

Z Depth below ground surface
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Yo

Yd field

Yd OF Yary
Yd-max

s

Ysat

Yt OF Ytot
Tt

Pd OF Pdry
Pt OF Prot
Pt

Change in void ratio

Change in height upon wetting
Incremental stress

Strain

Unit weight

Effective unit weight

Buoyant unit weight (same as effective unit weight)
Field dry unit weight

Dry unit weight

Maximum dry unit weight

Unit weight of solid particles in the soil mass
Saturated unit weight

Total unit weight

Moist unit weight of compacted soil
Unit weight of water

Angle of internal friction

Effective friction angle

Friction

Peak effective stress friction angle
Effective friction angle from CU test
Residual effective stress friction angle
Coefficient of friction

Poisson ratio

Density

Dry mass density

Total mass density

Moist (total) mass density

Effective normal stress

Uniaxial compressive strength
Normal stress

Preconsolidation stress

Total vertical stress

Shear stress

Percent collapse
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Chapter 6
AASHTO

FHWA
FS or FOS
Fo

FHWA NHI-06-088
Soils and Foundations — Volume | XXVi

American Association of State Highway and Transportation Officials
Unit width

Width of slice

Cohesion

Cohesion component of shear strength

Unit cohesion

Effective cohesion

Consolidated drained triaxial test

Developed cohesion

Consolidated undrained triaxial test

Depth factor

Depth ratio

Average factor of safety with respect to cohesion
Federal Highway Administration

Factor of safety

Average factor of safety with respect to friction angle
Depth less than or equal to the depth of saturation
Height

Height of soil layer in active wedge

Slope depth

Slope height

Height of water within the slope

Fill height

Height of layer at center of slice

Tension crack height

Depth from groundwater surface to the centroid point on the circle
Depth of water outside the slope

Height of zone

Interslice normal (horizontal) force

Interslice shear (vertical) force

Coefficient of active earth pressure

Coefficient of passive earth pressure

Arc length of slice base

Radius of circle

Level arm distance to the center of rotation
Normal force component or total normal force
Number of reinforcement layers

Effective normal force component

Critical stability number

Stability number

Stability number

Active force (driving)

In-situ vertical effective overburden pressure
Passive force (resisting)

Surcharge load
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R Moment arm

R¢ Coverage ratio of the reinforcement

RSS Reinforced soil slope

S Frictional force along failure plane

S Shear strength along failure plane

SPT Standard penetration test

Sv Vertical spacing of reinforcement

T Tangential force component

Ta Sum of available tensile force per width of reinforcement for all reinforcement
layers

tan ¢ Coefficient of friction along failure surface

Tmax Maximum design tension

Ts-max Maximum tensile force

T z0ne Maximum reinforced tension required for each zone

U Pore water force

u Water pressure on slice base

u Water uplift pressure against failure surface

uu Unconsolidated undrained triaxial test

wW Weight of slice

Wi Partial weight

Wr Total slice weight

a Angle between vertical and line drawn from circle center to midpoint of slice
base

Oy Slope of water table from horizontal

YFill Fill soil unit weight

M'w Seepage correction factor

Hg Surcharge correction factor

Ht Tension crack correction factor

Hw Submergence correction factor

o The total normal stress against the failure surface slice base due to the weight of
soil and water above the failure surface

>Wi Total weight of slice

B Angle of slope

B Inclination of the slope

) Angle of internal friction

¢’ Effective angle of internal friction

dd Developed angle of internal friction

Y Unit weight of soil

Y Unit weight of soil in the active wedge

Yi Unit weight of layer i

Y Effective unit weight

Ym Moist unit weight

Ysat Saturated unit weight

Yt Total soil unit weight

Yw Unit weight of water
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G'n Effective stress between soil grains

T Frictional shearing resistance

T Total shear strength

Td Developed shear strength

Chapter 7

AASHTO American Association of State Highway and Transportation Officials
c’ Bearing capacity index

C. Compression index

Cee Modified compression index

C, Mean slope of the rebound laboratory curve

Cre Modified recompression index

Cv Coefficient of consolidation

Ca Coefficient of secondary consolidation (determined from lab consolidation test)
Cue Modified secondary compression index

Ds Depth of soft soil beneath the toe of the end slope of the embankment
e Void ratio

€o Initial void ratio at p,

FHWA Federal Highway Administration

FSso Safety factor against failure by squeezing

H Height of the fill

H Thickness of soil layer considered

Hqg Distance to the drainage boundary

hy Fill height

Ho Layer thickness

ID Inner Diameter

N1so Number of blows per foot corrected for overburden and hammer efficiency
NCHRP National Cooperative of Highway Research Program

OCR Over consolidation ratio

Pe Maximum past effective stress

Pe Maximum past vertical pressure (preconsolidation)

Pt Final effective vertical stress at the center of layer n

Ps Final pressure applied to the foundation subsoil

Pt Final stress

o Total embanklment pressure

Pl Plasticity index

Po Effective overburden pressure

Po Existing effective overburden pressure

Po Initial effective vertical stress at the center of layer n

RSS Reinforced soil slope

S Degree of saturation

S Settlement

Sc Settlement due to primary consolidation

SPTN Number of blows per foot (blow/0.3m)

SPT Standard penetration test
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http:blow/0.3m

Ss Settlement due to secondary compression

St Settlement at time t

Sy Undrained shear strength of soft soil beneath embankment
Sultimate Settlement at end of primary consolidation

t Time

t1 1ab Time when secondary compression begins

ty Time when approximately 90% of primary compression has occurred
t100 Time for 100%o0f primary consolidation

t 1ab Arbitrary time on the curve

to The service life of the structure or any time of interest

too Time for 90%of primary consolidation

Ty Time factor

U Average degree of consolidation

Us Hydrostatic pore water pressure at any depth

Us Initial hydrostatic pore water pressure

USACE United States Army Corps of Engineers

Ush Hydrostatic pore water pressure at bottom of layer

Ust Hydrostatic pore water pressure at top of layer

Ut Total pore water pressure at any depth after time t

Z Zone of influence

Ae Change in void ratio

AH Settlement

Ap Distributed embankment pressure

Ap Load increment

Ap Stress increase

APy Effective vertical stress increment

Apy Applied vertical stress increment

Au Excess pore water pressure at any depth after time t

Au; Initial excess pore water pressure

Ev Vertical strain

Y Unit weight of fill

Y Effective unit weight

Yo Buoyant unit weight (same as effective unit weight)

i Fill unit weight

0 Angle of slope
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CHAPTER 1.0
INTRODUCTION

1.1 PURPOSE AND SCOPE

The Soils and Foundations course is sponsored by the National Highway Institute (NHI) to
provide practical knowledge in geotechnical and foundation engineering for both civil
engineering generalists and geotechnical and foundation specialists. The course is developed
around the design and construction aspects of a highway project that includes bridges,
earthworks and earth retaining structures. Bridges can range from single span bridges to
multi-span bridges as part of a stack interchange. Bridges may be constructed over land, in
which case they are known as viaducts, or over water. Examples of transportation facilities
that include bridge structures are shown in Figures 1-1 to 1-4. Not all highway projects
include bridge structures. Figure 1-5 shows an example of a highway corridor without
bridges and in an environmentally sensitive area.

Figure 1-1. Aerial view of a pair of 3-span Interstate 10 (1-10) bridges over a local
roadway in Tucson, Arizona.
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Figure 1-2. Example of 3-span roadway bridges over another roadway.

Figure 1-3. The “BIG I” stack interchange at the intersection of 1-40 and 1-25 in
Albuquerque, New Mexico (Photo: Courtesy of Bob Meyers, NMDOT) (Note: A stack
interchange is a free-flowing junction between two or more roadways that allows
turning in all directions).
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Figure 1-4. A major multi-span bridge structure over water (George P. Coleman Bridge
over the York River in Yorktown, Virginia).

Cut Slopes

Wetlands ———

Figure 1-5. Example of a roadway bounded by cut slopes and wetlands in an
environmentally sensitive area.
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Highway projects can involve a full range of geotechnical engineering assessments and
alternatives depending on the complexity of the project. For example, the foundations for the
bridge piers and abutments may be shallow foundations, or deep foundations such as driven
piles and/or drilled shafts. The approach embankments may be unreinforced slopes or
reinforced soil slopes (RSS). Cut slopes may be in rocks and/or soils. Retaining walls may
be used at abutments and/or along approaches and may consist of cantilevered walls or
mechanically stabilized earth (MSE) walls. The ground under the bridge may be soft and
require improvement. Similarly, the transportation corridor may traverse wetlands and
special ground improvement measures may be required. Pavements seen in Figures 1-1 to 1-
3 and 1-5 may be constructed of asphaltic concrete (AC), Portland cement concrete (PCC) or
reinforced cement concrete (RCC) on a variety of subgrade materials.

Recognizing the need for consistent guidance for practitioners involved in the planning,
design and construction of transportation facilities that include bridges and associated
structures, the Federal Highway Administration (FHWA) developed the first version of this
manual in 1982. Subsequently, the manual was revised in 1993 and in 2000. The present
reference manual, which is the fourth edition, represents a significant update and supersedes
earlier editions of the manual. In particular, this manual has been updated to reflect the
current standard of geotechnical practice in the planning, design and construction of
transportation facilities. As part of this effort, this edition provides guidance consistent with
that found in the latest FHWA manuals and courses.

This edition of the manual, like the earlier editions, is geared towards the practicing engineer
who routinely deals with soils and foundations problems on highway projects but who may
not have a thorough theoretical background of soil mechanics or foundation engineering.
The overall goals of this manual are: (i) to explain geotechnical engineering principles, and
(ii) to provide sound methods and recommendations related to safe, cost-effective design and
construction of geotechnical features. The reader is encouraged to develop an appreciation
for the design and construction of geotechnical features in all phases of a project that may
influence or could be influenced by his/her work (cost, quality, time, and performance).
Coordination among generalists and specialists in all project phases is stressed.

The manual contains an appendix (Appendix A) wherein the geotechnical engineering input
to a bridge project is traced from conception (scoping) to completion (post construction) in a
serialized illustrative problem that incorporates many of the technical concepts presented in
the course. The bridge project used in Appendix A is based on an actual project in the State
of New York.

! Pavement structures are not addressed in this manual.
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1.2 SOILS AND FOUNDATIONS FOR HIGHWAY FACILITIES

Civilization’s earliest attempts at construction probably involved soil; however, the
understanding of the role of soil as a foundation or building material developed by trial and
error.  Since the early 20™ century, an improved understanding of soil behavior has been
achieved by applying the principles of physics, solid mechanics, fluid mechanics, strength of
materials, and structural engineering to define soil behavior. The body of knowledge
developed by analyzing soil behavior on a theoretically sound basis is called "soil
mechanics" and its application to solution of actual problems is called “geotechnical
engineering.” Soil is a complex three-phase medium that contains various amounts of water
and/or air surrounding the solid particles. It is not a solid mass, i.e., a continuum, as many of
the theories of solid mechanics require. Therefore, an entirely theoretical solution of the
most commonly encountered soil problems is not practical. The most practical solution to
soil problems can be reached by a combination of the sources of information as illustrated in
Figure 1-6.

Experience

Figure 1-6. Combinations of sources of information required to solve geotechnical
engineering issues.

1. Experience obtained from previous projects can be developed into the empirical or
"rule of thumb" procedures followed by some engineers/specialists today. Often
some geotechnical designers rely almost exclusively on experience. The weakness of
using this approach exclusively is that experience does not always recognize the
factors that cause differences in the engineering properties of soils. What works well
at one location may not succeed with the same type of soil at another location because
of a change in conditions, such as water content. The current state of the practice

FHWA NHI-06-088 1 — Introduction
Soils and Foundations — VVolume | 1-5 December 2006

ENGINEERING-PDH.COM
| GED-114 |



requires the geotechnical specialist to rely on testing and theory in addition to
experience or rules of thumb.

2. Testing of representative samples of soil in the field and laboratory is required to
obtain information on the engineering properties and the characteristics of soils. The
results of subsequent engineering analyses will be only as good as the soils data used
as input.

3. Theory based on principles from various fields of engineering and science tempered
by assumptions to fit reality is used to explain or predict the behavior of soils under
various conditions.

The engineering analysis of soils is often more complex than the analysis of other
construction materials because soil is not a continuum. Therefore, soil typically does not
strictly meet the assumptions of the theories of solid mechanics and strength of materials. By
contrast, steel and concrete are relatively uniform solids that have predictable properties. For
example, the strength of steel is predictable within the elastic range of loading. Even though
the strength of steel and concrete may be "ordered,” that strength will be essentially constant
under a wide range of climatic conditions. Structures can then be built of these materials
with a high degree of confidence regarding the material strength.

The engineering properties of the soils, on the other hand, can vary widely over time and
space so that their physical properties cannot be defined accurately at all locations for all
conditions. Since soils are composed of a mixture of three dissimilar materials - soil solids,
liquid fluids (usually water), and gaseous fluids (usually air) - their properties are influenced
by the interaction of these three phases in the soil mass. Some of the factors that influence
the behavior of soil are:

size, shape, and distribution of soil particles,
mineralogy,

degree of packing of soil particles,

amount of water in the soil,

climatic conditions, and

degree of confinement (i.e., depth).

o ks wbdE

In short, engineers should understand that the engineering properties of soils can be
significantly influenced by many factors.

The success or failure of a geotechnical feature is often decided in the early stages of a
project. Geotechnical engineering is a specialized field. Therefore, to assure success of a
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project, the input of a qualified and experienced geotechnical specialist should begin at
project inception and continue until completion of construction. Geotechnical designs are
based upon soil properties that are generally defined from a subsurface exploration and
laboratory testing of a very minute physical sampling of the soils. The volume of site soils
excavated and exposed during construction is many orders of magnitude greater than that
from the subsurface explorations. Thus, a great deal of geotechnical information can and
should be gathered during the construction phase of a project to validate or revise the
geotechnical design parameters. A geotechnical design should not be considered complete
until construction has been successfully completed. A geotechnical specialist should also
be involved during post-construction activities such as instrumentation monitoring,
participating in resolution of contractor disputes and claims activities, and documenting
lessons learnt on the project.

Based on the above considerations, early interactions at a project’s scoping phase among the
geotechnical specialist, other engineers/specialists, the project manager and the contractor
will prevent the design of a project element, or even worse the construction of an element,
such as alignment or grade, that may require costly foundation treatment later. It is
imperative that good communication and interaction exist among the geotechnical
specialist, structural specialist, construction specialist, project manager and contractor
throughout the design and the construction process. Such interactions and involvement
are required to insure a cost-effective design and to minimize change orders and contract
disputes resulting from design deficiencies and/or misunderstandings during construction.
The importance of communication and interaction is stressed throughout this manual
and cannot be overemphasized.

The flow chart in Figure 1-7 and the six phases identified in Table 1-1 describe the details of
geotechnical involvement in a typical project using the design-bid-build (D-B-B)
procurement process where the geotechnical specialist interacts with the owner to provide
information to the contractor. There are several other procurement processes such as the
design-build (D-B) process and the Construction Manager at Risk (CMAR) process. In each
such alternative process, the geotechnical specialist is concurrently dealing with both the
owners and the contractors, with the geotechnical specialist’s direct client being the
contractor. Even though the geotechnical involvement is somewhat different in each of these
types of procurement processes, it is important to realize that all the items listed in Figure 1-7
as well as in Table 1-1 must be addressed to achieve a successful project.
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Project Initiation (Scoping)

v

Review Existing Data

v

Meet with Bridge and Highway Designer to Define Geotechnical Scope

v

Obtain Necessary Per

mits and Perform Site

Exploration Program

v

Prepare Project-Specific Laboratory
Testing Program

v

(Include Evaluation o

Perform Analysis and Design

f Alternates and Cost)

A4

Prepare Geotechn

ical Design Report

A

4

Prepare Project-Specific Special Provisions

'

Review Final Plans, Specifications and Special Provisions to
Ensure Compliance with Geotechnical Design Report

A\ 4

Establish Construction Quality Assurance Criteria
and Monitoring Program

A4

Troubleshoot Construction Problems

v

Provide Post-Construction Se

rvices such as Instrumentation
Monitoring, Resolution of Disputes and Documenting Lessons

Figure 1-7. Geotechnical activity flow chart for a typical project using design-bid-build

procurement process.
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Table 1-1
Geotechnical involvement in project phases

Phase Function

PHASE 1 1. Study project information, scope and existing data. (a) USGS topographic

Planning sheets. (b) USDA soil maps. (c) groundwater bulletins. (d) air photos.

2. Conduct site inspection with project manager. (a) inspect nearby structures for
settlement, scour, etc. (b) assess site conditions.

3. Prepare terrain reconnaissance report for planning engineer. Include: (a)
anticipated soil, rock and water conditions. (b) major problems or costs that will
hinder or preclude construction of the facility. (c) right-of-way required for
possible special geotechnical treatment. (d) beneficial shifts in alignment.

PHASE 2 1. Assess facility locations with regard to major soil issues.

Design 2. Provide input for specific uses, e.g., soil/rock scour.

Alternatives | 3. Implement subsurface exploration and laboratory testing programs after design
approval.

PHASE 3 1. Review and interpret subsurface information from field and laboratory work.

Prepare 2. Provide preliminary input to bridge/roadway engineer.

Detail Plans | 3. Submit report to bridge and roadway engineer summarizing the investigations
along with recommendations. Include: (a) coordination with roadway
construction. (b) alternate foundation design. (c) subsurface profile. (d) special
provisions and specifications.

PHASE 4 1. Review final plans

Final Design | 2. Make appropriate adjustments to geotechnical information if necessary

PHASE 5 1. Provide geotechnical support to the resident engineer during construction.

Construction

Examples are as follows:

(A) Driven Piles: (a) submit wave equation analysis to bridge engineer. (b)
hammer approval. (c) stress analysis. (d) required blow count. (e) special
effects, etc.

(B) Drilled Shafts: (a) shaft excavation information, e.g., need for casing or
slurry. (b) steel placement tolerances. (c) tube placement for integrity testing.
(d) concreting requirements. (e) post-installation integrity tests, etc.

(C) Spread footings: (a) evaluation criteria of stiffness of soils at base of footing
excavation, etc.

(D) Retaining Walls: (a) construction process based on whether wall is top-down
or bottom-up construction. (b) backfill compaction requirements, etc.

(E) Slopes/Embankments: (a) backfill compaction requirements. (b) final grading
of a slope, etc.

Attend preconstruction meeting with resident engineer and foundation inspector.
Explain various important geotechnical issues: (a) general geologic profile. (b)
design basis. (c) wave equation analysis for driven piles. (d) end and skin
resistance values taking into account strain compatibility for drilled shafts. (e)
possible geotechnical problems.

3. Troubleshoot soils-related problems as required.

4. Assist with structural foundation load tests as required.
PHASE 6 1. Review actual pile results versus predicted. Include: (a) blow count for driven
Post piles. (b) installation methods for drilled shafts. (c) length. (d) field problems.
Construction (e) load test capacity.

2. Participate in contractor disputes and claims activities.
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1.3 ORGANIZATION OF MANUAL

The organization of this manual follows a project-oriented approach whereby a typical bridge
project is traced from scoping stage through design computation of settlement, allowable
footing pressure, selection of earth retaining structure, to the construction of approach
embankments, pile driving or shaft drilling operations, etc. Recommendations are presented
on how to layout borings efficiently, how to minimize approach embankment settlement and
eliminate the bump at the end of-the bridge, how to design the most cost-effective deep
foundation, and how to transmit design information properly to contractors directly through
plans, specifications, and special provisions and/or indirectly through contact with the project
engineer.

The concepts presented in various chapters are concise and specifically directed at a
particular operation in the geotechnical design and construction process. Basic example
problems are included in several sections to illustrate how concepts are used and for hands-
on knowledge. Continuity between chapters is achieved by sequencing the information in the
normal progression of a geotechnical project. In addition, the manual contains an appendix
(Appendix A) with the solution to geotechnical issues, in a serialized format, for a highway
project involving a bridge and approach embankment over soft ground. In each phase of the
fictitious project the geotechnical concepts are developed into specific designs or
recommendations for that segment of the problem.

The organization of the manual and a summary of the material presented in each chapter
follow.

e Chapter 1 - this chapter (Introduction) presents the purpose and scope of NHI’s Soils and
Foundation course and provides introductory material about geotechnical activities
related to the design and construction aspects of a highway project.

e Chapter 2 (Stress and Strain in Soils) presents basic phase (weight-volume) relationships,
effective stress principles, computation of overburden pressures, estimating vertical and
horizontal stresses in soils due to external (superimposed) loads on geomaterials.

e Chapter 3 (Subsurface Explorations) presents basic information on subsurface
exploration procedures including terrain reconnaissance, subsurface investigation
methods, standard penetration test procedures, undisturbed soil sampling, and guidelines
for the geotechnical investigation of both roadway and structure sites.
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e Chapter 4 (Engineering Description, Classification and Characteristics of Soils and
Rocks) discusses the basic engineering characteristics of the main soil and rock groups,
and presents procedures for describing and classifying soils and rocks, and for developing
a subsurface profile.

e Chapter 5 (Laboratory Testing for Geotechnical Design and Construction) presents
several commonly used laboratory tests for soils and rocks including soil classification,
basic consolidation and strength testing concepts. This chapter also includes guidelines
for laboratory testing on a typical highway project, and a procedure for summarizing and
choosing design values from laboratory tests.

e Chapter 6 (Slope Stability) presents the general procedures for the stability analysis of
embankments and cut slopes. Basic methods of analysis are shown and explained with
emphasis on practical application to highway embankments. Stability charts are
presented for a rapid preliminary evaluation of slope stability. Remedial methods are
discussed for stability problems.

e Chapter 7 (Approach Roadway Deformations) distinguishes between internal and
external settlement within and below embankment fills. Recommendations are provided
for select fill and compaction control for soils placed near abutments. Immediate (i.e.,
short-term) and consolidation (i.e., long-term) settlement, and lateral squeeze are
discussed and methods of analysis are presented.

e Chapter 8 (Shallow Foundations) presents the FHWA-recommended foundation design
procedure for shallow foundations in soils and rocks. The analysis for both bearing
capacity and settlement are discussed and the application of results is presented.
Economic considerations of shallow versus deep foundations are discussed.

e Chapter 9 (Deep Foundations) discusses basic concepts in the selection and design of
both driven piles and drilled shafts in soils and rocks. Analyses for skin friction and end
bearing are addressed for cohesive soil, cohesionless soils and rocks. Foundation
installation effects on design are discussed as well as group effects, negative skin friction
and deep foundation settlement. The components of pile driving equipment are
presented. The use of driving formulae and the wave equation analysis in construction is
introduced monitoring. Generic information is presented on the use of load testing.
Construction considerations for drilled shafts are also presented.
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e Chapter 10 (Earth Retaining Structures) presents the basic lateral earth pressure theories,
briefly introduces various wall types, presents a wall classification system, and presents
the external stability analysis for a typical fill wall.

e Chapter 11 (Geotechnical Reports) presents outlines for various types of geotechnical
reports, discussions on subsurface profiles, guidelines on the use of disclaimers, and
suggestions for how to incorporate geotechnical information into contract documents.

1.4  REFERENCES

A detailed list of references is provided in Chapter 12. However, certain primary references
were used to develop materials for many sections in this document. In addition, FHWA has
either developed or is in the process of developing detailed guidance in the topic areas
covered in this document. Most of those documents are reference manuals for geotechnical
courses developed for the National Highway Institute. Both the FHWA and other primary
references are listed below. The reader is directed to the web site for the FHWA National
Geotechnical Team (NGT), http://www.fhwa.dot.gov/engineering/geotech/index.cfm, to
obtain information on all geotechnical publications and software that have been developed by
FHWA. The NAVFAC manuals and many other public domain manuals can be downloaded
from http://www.geotechlinks.com.

1.4.1 Primary FHWA References

FHWA (1988). Checklist and Guidelines for Review of Geotechnical Reports and
Preliminary Plans and Specifications. Report No. FHWA ED-88-053, Federal
Highway Administration, U.S. Department of Transportation. Revised 2003.

FHWA (1999). Drilled Shafts: Construction Procedures and Design Methods. Report No.
FHWA-IF-99-025, Authors: O’Neill, M. W. and Reese, L. C. Federal Highway
Administration, U.S. Department of Transportation.

FHWA (2001a). Soil Slopes and Embankment Design Reference Manual. Report No.
FHWA-NHI-01-026. Authors: Collin, J.G., Hung, J.C., Lee, W.S., and Munfakh, G.,
Federal Highway Administration, U.S. Department of Transportation.

FHWA (2002a). Geotechnical Engineering Circular 5 (GEC5) - Evaluation of Soil and Rock
Properties. Report No FHWA-IF-02-034. Authors: Sabatini, P.J, Bachus, R.C,
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Mayne, P.W., Schneider, J.A., Zettler, T.E., Federal Highway Administration, U.S.
Department of Transportation.

FHWA (2002b). Subsurface Investigations (Geotechnical Site Characterization). Report No.
FHWA NHI-01-031, Authors: Mayne, P. W., Christopher, B. R., and DeJong, J.,
Federal Highway Administration, U.S. Department of Transportation.

FHWA (2002c). Geotechnical Engineering Circular 6 (GEC6), Shallow Foundations.
Report No. FHWA-SA-02-054, Author: Kimmerling, R.E. 2002, Federal Highway
Administration, U.S. Department of Transportation.

FHWA (2006a). Design and Construction of Driven Pile Foundations - Vol. | and 11, Report
No. FHWA-NHI-05-042 and FHWA-NHI-05-043, Authors: Hannigan, P.J., G.G.
Goble, G. Thendean, G.E. Likins and F. Rausche., Federal Highway Administration,
U.S. Department of Transportation.

Geotechnical Engineering Notebook.  FHWA Geotechnical Guidelines GT1 -GT16.
http://www.fhwa.dot.gov/engineering/geotech/index.cfm.

1.4.2 Other Primary References

AASHTO (1988). Manual on Foundations Investigations, Standard Specifications for
Highway Bridges, American Association of State Highway and Transportation
Officials, Washington, D.C.

AASHTO (2002). Standard Specifications for Highway Bridges. 17" Edition, American
Association of State Highway and Transportation Officials, Washington, D.C.

AASHTO (2004 with 2006 Interims). AASHTO LRFD Bridge Design Specifications, 3rd
Edition, American Association of State Highway and Transportation Officials,
Washington, D.C.

AASHTO (2006). Standard Specifications for Transportation Materials and Methods of
Sampling and Testing, Parts | and Il. American Association of State Highway and
Transportation Officials, Washington, D.C.

ASTM (2006). Annual Book of ASTM Standards — Sections 4.02, 4.08, 4.09 and 4.13.
ASTM International, West Conshohocken, PA.
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Holtz, R. D. and Kovacs, W. D. (1981). An Introduction to Geotechnical Engineering,
Prentice Hall, Englewood Cliffs, NJ.

Lambe, T. W., and Whitman, R. V. (1979). Soil Mechanics: SI Version, John Wiley & Sons,
Inc., New York, NY.

NAVFAC (1986a). Design Manual 7.01 - Soil Mechanics, Department of the Navy, Naval
Facilities Engineering Command, Alexandria, VA. (can be downloaded from
http://www.geotechlinks.com).

NAVFAC (1986b). Design Manual 7.02 - Foundations & Earth Structures, Department of
the Navy, Naval Facilities Engineering Command, Alexandria, VA. (can be
downloaded from http://www.geotechlinks.com).
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CHAPTER 2.0
STRESS AND STRAIN IN SOILS

Soil mass is generally a three phase system that consists of solid particles, liquid and gas.
The liquid and gas phases occupy the voids between the solid particles as shown in Figure 2-
la. For practical purposes, the liquid may be considered to be water (although in some cases
the water may contain some dissolved salts or pollutants) and the gas as air. Soil behavior is
controlled by the interaction of these three phases. Due to the three phase composition of
soils, complex states of stresses and strains may exist in a soil mass. Proper quantification of
these states of stress, and their corresponding strains, is a key factor in the design and
construction of transportation facilities.

The first step in quantification of the stresses and strains in soils is to characterize the
distribution of the three phases of the soil mass and determine their inter-relationships. The
inter-relationships of the weights and volumes of the different phases are important since
they not only help define the physical make-up of a soil but also help determine the in-situ
geostatic stresses, i.e., the states of stress in the soil mass due only to the soil’s self-weight.
The volumes and weights of the different phases of matter in a soil mass shown in Figure 2-
la can be represented by the block diagram shown in Figure 2-1b. Such a diagram is also
known as a phase diagram. A block of unit cross sectional area is considered. The symbols
for the volumes and weights of the different phases are shown on the left and right sides of
the block, respectively. The symbols for the volumes and weights of the three phases are
defined as follows:

Va, W, volume, weight of air phase. For practical purposes, W, = 0.

Vw, Wyw:  volume, weight of water phase.

V., W, :  volume, weight of total voids. For practical purposes, W, = W,, as W, = 0.
Vs, Ws:  volume, weight of solid phase.

V,W: volume, weight of the total soil mass .

Although W, = 0 so that W, = W,,, V, is generally > 0 and must always be taken into
account. Since the relationship between V, and V,, usually changes with groundwater
conditions as well as under imposed loads, it is convenient to designate all the volume not
occupied by the solid phase as void space, V. Thus, V, = V, + V,,. Use of the terms
illustrated in Figure 2-1b, allows a number of basic phase relationships to be defined and/or
derived as discussed next.
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Figure 2-1. A unit of soil mass and its idealization.
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21 BASIC WEIGHT-VOLUME RELATIONSHIPS

Various volume change phenomena encountered in geotechnical engineering, e.g.,
compression, consolidation, collapse, compaction, expansion, etc. can be described by
expressing the various volumes illustrated in Figure 2-1b as a function of each other.
Similarly, the in-situ stress in a soil mass is a function of depth and the weights of the
different soil elements within that depth. This in-situ stress, also known as overburden stress
(see Section 2.3), can be computed by expressing the various weights illustrated in Figure 2-
1b as a function of each other. This section describes the basic inter-relationships among the
various quantities shown in Figure 2-1b.

2.1.1 Volume Ratios

A parameter used to express of the volume of the voids in a given soil mass can be obtained
from the ratio of the volume of voids, V,, to the total volume, V. This ratio is referred to as
porosity, n, and is expressed as a percentage as follows:

n= ﬁxloo 2-1
V

Obviously, the porosity can never be greater than 100%. As a soil mass is compressed, the
volume of voids, V,, and the total volume, V, decrease. Thus, the value of the porosity
changes. Since both the numerator and denominator in Equation 2-1 change at the same
time, it is difficult to quantify soil compression, e.g., settlement or consolidation, as a
function of porosity. Therefore, in soil mechanics the volume of voids, V,, is expressed in
relation to a quantity, such as the volume of solids, Vs, that remains unchanging during
consolidation or compression. This is done by the introduction of a quantity known as void
ratio, e, which is expressed in decimal form as follows:

e =—— 2‘2

Unlike the porosity, the void ratio can have values greater than 1. That would mean that the
soil has more void volume than solids volume, which would suggest that the soil is “loose”
or “soft.” Therefore, in general, the smaller the value of the void ratio, the denser the soil.
As a practicality, for a given type of coarse-grained soil, such as sand, there is a minimum
and maximum void ratio. These values can be used to evaluate the relative density, D, (%),
of that soil at any intermediate void ratio as follows:
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D, =Mx100 2.2
(emax - emin)

At e = emax the soil is as loose as it can get and the relative density equals zero. At e = enmin
the soil is as dense as it can get and the relative density equals 100%. Relative density and
void ratio are particularly useful index properties since they are general indicators of the
relative strength and compressibility of the soil sample, i.e., high relative densities and low
void ratios generally indicate strong or incompressible soils; low relative densities and high
void ratios may indicate weak or compressible soils.

While the expressions for porosity and void ratio indicate the relative volume of voids, they
do not indicate how much of the void space, V,, is occupied by air or water. In the case of a
saturated soil, all the voids (i.e., soil pore spaces) are filled with water, V, = V,,. While this
condition is true for many soils below the ground water table or below standing bodies of
water such as rivers, lakes, or oceans, and for some fine-grained soils above the ground water
table due to capillary action, the condition of most soils above the ground water table is
better represented by consideration of all three phases where voids are occupied by both air
and water. To express the amount of void space occupied by water as a percentage of the
total volume of voids, the term degree of saturation, S, is used as follows:

S = V—W x100 2'3
VV

Obviously, the degree of saturation can never be greater than 100%. When S = 100%, all the
void space is filled with water and the soil is considered to be saturated. When S = 0%,
there is no water in the voids and the soil is considered to be dry.

2.1.2 Weight Ratios

While the expressions of the distribution of voids in terms of volumes are convenient for
theoretical expressions, it is difficult to measure these volumes accurately on a routine basis.
Therefore, in soil mechanics it is convenient to express the void space in gravimetric, i.e.,
weight, terms. Since, for practical purposes, the weight of air, W,, is zero, a measure of the
void space in a soil mass occupied by water can be obtained through an index property
known as the gravimetric water or moisture content, w, expressed as a percentage as
follows:
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w= w109 2.4
WS

The word *“gravimetric” denotes the use of weight as the basis of the ratio to compute water
content as opposed to volume, which is often used in hydrology and the environmental
sciences to express water content. Since water content is understood to be a weight ratio in
geotechnical engineering practice, the word “gravimetric” is generally omitted. Obviously,
the water content can be greater than 100%. This occurs when the weight of the water in the
soil mass is greater than the weight of the solids. In such cases the void ratio of the soil is
generally greater than 1 since there must be enough void volume available for the water so
that its weight is greater than the weight of the solids. However, even if the water content is
greater than 100%, the degree of saturation may not be 100% because the water content is a
weight ratio while saturation is a volume ratio.

For a given amount of soil, the total weight of soil, W, is equal to Ws + W,,, since the weight
of air, W,, is practically zero. The water content, w, can be easily measured by oven-drying
a given quantity of soil to a high enough temperature so that the amount of water evaporates
and only the solids remain. By measuring the weight of a soil sample before and after it ahs
been oven dried, both W and Ws, can be determined. The water content, w, can be
determined as follows since W, = 0:

Wy,
w = = x100 -
W. 2-4a

Most soil moisture is released at a temperature between 220 and 230°F (105 and 110°C).
Therefore, to compare reported water contents on an equal basis between various soils and
projects, this range of temperature is considered to be a standard range.

2.1.3 Weight-Volume Ratios (Unit Weights) and Specific Gravity

The simplest relationship between the weight and volume of a soil mass (refer to Figure 2-
1Db) is known as the total unit weight, y;, and is expressed as follows:

_ﬂ_WW+WS
V V

Yt 2-5

The total unit weight of a soil mass is a useful quantity for computations of vertical in-situ
stresses. For a constant volume of soil, the total unit weight can vary since it does not
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account for the distribution of the three phases in the soil mass. Therefore the value of the
total unit weight for a given soil can vary from its maximum value when all of the voids are
filled with water (S=100%) to its minimum value when there is no water in the voids
(S=0%). The former value is called the saturated unit weight, ys.; the latter value is
referred to as the dry unit weight, yq. In terms of the basic quantities shown in Figure 2-1b
and with reference to Equation 2-5, when W,, = 0 the dry unit weight, y4, can be expressed
as follows:

W,
= 2-6
Yd Vv

For computations involving soils below the water table, the buoyant unit weight is frequently
used where:

Yo =Vsat =~ Vw 2-7
where, yw equals the unit weight of water and is defined as follows:

_M 2-8
YW V -

In the geotechnical literature, the buoyant unit weight, y,, is also known as the effective unit
weight, y', or submerged unit weight, v.,,. Unless there is a high concentration of dissolved

salts, e.g., in sea water, the unit weight of water, vy, can be reasonably assumed to be 62.4
Ib/ft® (9.81 kN/m?).

To compare the properties of various soils, it is often instructive and preferable to index the
various weights and volumes to unchanging quantities, which are the volume of solids, Vi,
and the weight of solids, Ws. A ratio of W; to Vs, is known as the unit weight of the solid
phase, vs, and is expressed as follows:

_ W 2-9
Ys Vs -

The unit weight of the solid phase, ys, should not be confused with the dry unit weight of the
soil mass, yq, which is defined in Equation 2-6 as the total unit weight of the soil mass when
there is no water in the voids, i.e., at S = 0%. The distinction between ys and y4 is very subtle,
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but it is very important and should not be overlooked. For example, for a solid piece of rock
(i.e., no voids) the total unit weight is ys while the total unit weight of a soil whose voids are
dry is yq. In geotechnical engineering, yq4 is more commonly of interest than ys.

Since the value of y,, is reasonably well known, the unit weight of solids, vs, can be expressed
in terms of y,. The concept of Specific Gravity, G, is used to achieve this goal. In physics
textbooks, G is defined as the ratio between the mass density of a substance and the mass
density of some reference substance. Since unit weight is equal to mass density times the
gravitational constant, G can also be expressed as the ratio between the unit weight of a
substance and the unit weight of some reference substance. In the case of soils, the most
convenient reference substance is water since it is one of the three phases of the soil and its
unit weight is reasonably constant. Using this logic, the specific gravity of the soil solids,
Gs, can be expressed as follows:

GS = — 2'10
Tw

The bulk specific gravity of a soil is equal to y; / yw. The “bulk specific gravity” is not the
same as Gs and is not very useful in practice since the y; of a soil can change easily with
changes in void ratio and/or degree of saturation. Therefore, the bulk specific gravity is
almost never used in geotechnical engineering computations.

The value of G can be determined in the laboratory, but it can usually be estimated with
sufficient accuracy for various types of soil solids. For routine computations, the value of G
for sands composed primarily of quartz particles may be taken as 2.65. Tests on a large
number of clay soils indicate that the value of G for clays usually ranges from 2.5 to 2.9 with
an average value of 2.7.

2.1.4 Determination and Use of Basic Weight-Volume Relations

The five relationships, n, e, w, y; and G;, represent the basic weight-volume properties of
soils and are used in the classification of soils and for the development of other soil
properties. These properties and how they are obtained and applied in geotechnical
engineering are summarized in Table 2-1. A summary of commonly used weight-volume
(unit weight) relations that incorporate these terms is presented in Table 2-2.
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Table 2-1

Summary of index properties and their application

How Obtained

Comments and Direct

Propert Symbol | Units* -
perty y (AASHTO/ASTM) Applications
. . From weight-volume | Defines relative volume of

Porosity n Dim . . .

relations voids to total volume of soil
. . . From weight-volume .

Void Ratio e Dim g- Volume change computations

relations
. . By measurement Classification and in weight-
Moisture Content w Dim .
(T 265/ D 4959) volume relations
By measurement or e .
L 3 y . Classification and for pressure
Total unit weight Tt FL from weight-volume .
. computations
relations
. . . By measurement .
Specific Gravit G Dim Volume computations
P y : (T 100/D 854) P
NOTES:

1 F=Force or weight; L = Length; Dim = Dimensionless. Although by definition, moisture content
is a dimensionless decimal (ratio of weight of water to weight of solids) and used as such in most
geotechnical computations, it is commonly reported in percent by multiplying the decimal by 100.

2 Total unit weight for the same soil can vary from “saturated” (5=100%) to “dry” (S=0%).

Table 2-2
Weight-volume relations (after Das, 1990)

Unit-Weight Relationship Dry Unit Weight (No Water) | Saturated Unit Weight (No Air)

_(1+W)Gsvyw _ Tt _(Gste)yy
T e Yd~ Ysat =~ 4.~
1+e 1+w 1+e
g = {Cs 5w yq=STw Vsar= [(A-MGs * Ny,
l+e l+e 1+w
vy = (1+W)Gsvy, Yq=GsYw(d-n) Ysatz(l_l_WG_SstYw
1+ 108 Yd:—GsyW _(e)l+w
1+WGS Ysat = wl1re Tw

Y1 = Ga vy (L= L+ W) "
Ysat = Yd T NYw

_ €Sy
yd_(l+e)w = _&
Vsat=Yd ¥t 1te Tw
Yd= Vsat~NVw
_ e
Yd~ Vsat~ 1te Tw

In above relations, y,, refers to the unit weight of water, 62.4 pcf (=9.81 kN/m°).
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2.1.5 Size of Grains in the Solid Phase

As indicated in Figure 2-1a, the solid phase is composed of soil grains. One of the major
factors that affect the behavior of the soil mass is the size of the grains. The size of the
grains may range from the coarsest (e.g., boulders, which can be 12- or more inches [300
mm)] in diameter) to the finest (e.g., colloids, which can be smaller than 0.0002—inches [0.005
mm]). Since soil particles come in a variety of different shapes, the size of the grains is
defined in terms of an effective grain diameter. The distribution of grain sizes in a soil mass
is determined by shaking air-dried material through a stack of sieves having decreasing
opening sizes. Table 2-3 shows U.S. standard sieve sizes and associated opening sizes.
Sieves with opening size 0.25 in (6.35 mm) or less are identified by a sieve number
which corresponds to the approximate number of square openings per linear inch of the
sieve (ASTM E 11).

To determine the grain size distribution, the soil is sieved through a stack of sieves with each
successive screen in the stack from top to bottom having a smaller (approximately half of the
upper sieve) opening to capture progressively smaller particles. Figure 2-2 shows a selection
of some sieves and starting from right to left soil particles retained on each sieve, except for
the powdery particles shown on the far left, which are those that passed through the last sieve
on the stack. The amount retained on each sieve is collected, dried and weighed to determine
the amount of material passing that sieve size as a percentage of the total sample being
sieved. Since electro-static forces impede the passage of finer-grained particles through
sieves, testing of such particles is accomplished by suspending the chemically dispersed
particles in a water column and measuring the change in specific gravity of the liquid as the
particles fall from suspension. The change in specific gravity is related to the fall velocities
of specific particle sizes in the liquid. This part of the test is commonly referred to as a
hydrometer analysis. Because of the strong influence of electro-chemical forces on their
behavior, colloidal sized particles may remain in suspension indefinitely (particles with sizes
from 10 mm to 10 mm are termed “colloidal.”) Sample grain size distribution curves are
shown in Figure 2-3. The nomenclature associated with various grain sizes (cobble, gravel,
sand, silt or clay) is also shown in Figure 2-3. Particles having sizes larger than the No. 200
sieve (0.075 mm) are termed coarse-grained” while those with sizes finer than the No. 200
sieve are termed “fine-grained.”

The results of the sieve and hydrometer tests are represented graphically on a grain size
distribution curve or gradation curve. As shown in Figure 2-3, an arithmetic scale is used on
the ordinate ('Y-axis) to plot the percent finer by weight and a logarithmic scale is used on the
abscissa (X-axis) for plotting particle (grain) size, which is typically expressed in
millimeters.
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Table 2-3

U.S. standard sieve sizes and corresponding opening dimension

uU.S. Sieve Sieve Comment
Standard | Opening | Opening | (Based on the Unified Soil Classification System
Sieve No.! (in) (mm) (USCS) discussed in Chapter 4)
3 0.2500 6.35
e Breakpoint between fine gravels and coarse sands
4 0.1870 4.75 _ ) o _
e Soil passing this sieve is used for compaction test
6 0.1320 3.35
8 0.0937 2.36
10 0.0787 2.00 e Breakpoint between coarse and medium sands
12 0.0661 1.70
16 0.0469 1.18
20 0.0331 0.850
30 0.0234 0.600
e Breakpoint between medium and fine sands
40 0.0165 0.425 _ . o .
o Soil passing this sieve is used for Atterberg limits
50 0.0117 0.300
60 0.0098 0.250
70 0.0083 0.212
100 0.0059 0.150
140 0.0041 0.106
200 0.0029 0.075 e Breakpoint between fine sand and silt or clay
270 0.0021 0.053
400 0.0015 0.038
Note:

1. The sieve opening sizes for various sieve numbers listed above are based on Table 1
from ASTM E 11. Sieves with opening size greater than No. 3 are identified by their
opening size. Some of these sieves are as follows:

4.0in (101.6 mm) 1-1/2in  (38.1 mm) Y in (12.7 mm)

3.0in (76.1 mm)* | 1-1/4in  (32.0 mm) 3/8in (9.5 mm)

2-1/2in  (64.0 mm) 1.01in (25.4 mm) 5/16 in (8.0 mm)

2.01in (50.8 mm) Yain (19.0 mm)**

1-3/4in  (45.3 mm) 5/8 in (16.0 mm)

* The 3 in (76.1 mm) sieve size differentiates between cobbles and coarse gravels.
**The % in (19 mm) sieve differentiates between coarse and fine gravels.
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Figure 2-2. Example of laboratory sieves for mechanical analysis for grain size
distributions. Shown (right to left) are sieve nos. 3/8-in (9.5-mm), No. 10 (2.0-mm), No. 40
(0.425 mm) and No. 200 (0.075 mm). Example soil particle sizes shown at the bottom of the

photo include (right to left): medium gravel, fine gravel, medium-coarse sand, silt, and clay
(kaolin) (FHWA, 2002b).
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Figure 2-3. Sample grain size distribution curves.

The logarithmic scale permits a wide range of particle sizes to be shown on a single plot.
More importantly it extends the scale, thus giving all the grains sizes an approximately equal
amount of separation on the X-axis. For example, a grain-size range of 4.75 mm (No.4
sieve) to 0.075 mm (No. 200 sieve) when plotted on an arithmetic scale, will have the 0.075
mm (No. 200 sieve), 0.105 mm (No. 140 sieve), and 0.150 mm (No. 100) particle size plot
very close to each other. The logarithmic scale permits separation of grain sizes that makes it
easier to compare the grain size distribution of various soils.

The shape of the grain size distribution curve is somewhat indicative of the particle size
distribution as shown in Figure 2-3. For example,
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e A smooth curve covering a wide range of sizes represents a well-graded or non-uniform
soil.

e A vertical or near vertical slope over a relatively narrow range of particle sizes
indicates that the soil consists predominantly of the particle sizes within that range of
particle sizes. A soil consisting of particles having only a few sizes is called a poorly-
graded or uniform soil.

e A curve that contains a horizontal or nearly horizontal portion indicates that the soil is
deficient in the grain sizes in the region of the horizontal slope. Such a soil is called a
gap-graded soil.

Well-graded soils are generally produced by bulk transport processes (e.g., glacial till).
Poorly graded soils are usually sorted by the transporting medium e.g., beach sands by water;
loess by wind. Gap-graded soils are also generally sorted by water, but certain sizes were not
transported.

2.1.6 Shape of Grains in Solid Phase

The shape of individual grains in a soil mass plays an important role in the engineering
characteristics (strength and stability) of the soil. Two general shapes are normally
recognized, bulky and platy.

2.1.6.1 Bulky Shape

Cobbles, gravel, sand and some silt particles cover a large range of sizes as shown in Figure
2-2; however, they are all bulky in shape. The term bulky is confined to particles that are
relatively large in all three dimensions, as contrasted to platy particles, in which one
dimension is small as compared to the other two, see Figure 2-4. The bulky shape has five
subdivisions listed in descending order of desirability for construction

e Angular particles are those that have been freshly broken up and are characterized by
jagged projections, sharp ridges, and flat surfaces. Angular gravels and sands are
generally the best materials for construction because of their interlocking
characteristics. Such particles are seldom found in nature, however, because physical
and chemical weathering processes usually wear off the sharp ridges in a relatively
short period time. Angular material is usually produced artificially, by crushing.
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e Subangular particles are those that have been weathered to the extent that the sharper
points and ridges have been worn off.

e Subrounded particles are those that have been weathered to a further degree than
subangular particles. They are still somewhat irregular in shape but have no sharp
corners and few flat areas. Materials with this shape are frequently found in stream
beds. If composed of hard, durable particles, subrounded material is adequate for
most construction needs.

e Rounded particles are those on which all projections have been removed, with few
irregularities in shape remaining. The particles resemble spheres and are of varying
sizes. Rounded particles are usually found in or near stream beds or beaches.

e Well rounded particles are rounded particles in which the few remaining irregularities
have been removed. Like rounded particles, well rounded particles are also usually
found in or near stream beds or beaches.

Figure 2-4. Terminology used to describe shape of coarse-grained soils (Mitchell, 1976).

FHWA NHI-06-088 2 — Stress and Strain in Soils
Soils and Foundations — VVolume | 2-14 December 2006

ENGINEERING-PDH.COM
| GED-114 |



2.1.6.2 Platy Shape

Platy, or flaky, particles are those that have flat, plate like grains. Clay and some silts are
common examples. Because of their shape, flaky particles have a greater surface area than
bulky particles, assuming that the weights and volumes of the two are the same. For
example, 1 gram of bentonite (commercial name for montmorillonite clay) has a surface area
of approximately 950 yd? (800 m?) compared to a surface area of approximately 0.035 yd?
(0.03 m?) of 1 gram of sand. Because of their mineralogical composition and greater specific
surface area, most flaky particles also have a greater affinity for water than bulky particles.
Due to the high affinity of such soils for water, the physical states of such fine-grained soils
change with the amount of water in these soils. The effect of water on the physical states of
fine grained soils is discussed next.

2.1.7 Effect of Water on Physical States of Soils

For practical purposes, the two most dominant phases are the solid phase and the water
phase. It is intuitive that as the water content increases, the contacts between the particles
comprising the solid phase will be “lubricated.” If the solid phase is comprised of coarse
particles, e.g. coarse sand or gravels, then water will start flowing between the particles of
the solid phase. If the solid phase is comprised of fine-grained particles, e.g., clay or silt,
then water cannot flow as freely as in the coarse-grained solid phase because pore spaces are
smaller and solids react with water. However, as the water content increases even the fine-
grained solid phase will conduct water and under certain conditions the solid phase itself will
start deforming like a viscous fluid, e.g., like a milk shake or a lava flow. The mechanical
transformation of the fine-grained soils from a solid phase into a viscous phase is a very
important concept in geotechnical engineering since it is directly related to the load carrying
capacity of soils. It is obvious that the load carrying capacity of a solid is greater than that of
water. Since water is contained in the void space, the effect of water on the physical states of
fine-grained soils is important. Some of the basic index properties related to the effect of
water are described next.

The physical and mechanical behavior of fine-grained-soils is linked to four distinct states:
solid, semi-solid, plastic and viscous liquid in order of increasing water content. Consider a
soil initially in a viscous liquid state that is allowed to dry uniformly. This state is shown as
Point A in Figure 2-5, which shows a plot of total volume versus water content. As the soil
dries, its water content reduces and consequently so does its total volume as the solid
particles move closer to each other. As the water content reduces, the soil can no longer flow
like a viscous liquid. Let us identify this state by Point B in Figure 2-5. The water content at
Point B is known as the “Liquid Limit” in geotechnical engineering and is denoted by LL.
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As the water content continues to reduce due to drying, there is a range of water content at
which the soil can be molded into any desired shape without rupture. In this range of water
content, the soil is considered to be “plastic.”
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Figure 2-5. Conceptual changes in soil phases as a function of water content.

If the soil is allowed to dry beyond the plastic state, the soil cannot be molded into any shape
without showing cracks, i.e., signs of rupture. The soil is then in a semi-solid state. The
water content at which cracks start appearing when the soil is molded is known as the
“Plastic Limit.” This moisture content is shown at Point C in Figure 2-5 and is denoted by
PL. The difference in water content between the Liquid Limit and Plastic Limit, is known as
the Plasticity Index, PI, and is expressed as follows:

Pl=LL-PL 2-11

Since PI is the difference between the LL and PL, it denotes the range in water content over
which the soil acts as a plastic material as shown in Figure 2-5.

As the soil continues to dry, it will be reduced to its basic solid phase. The water content at
which the soil changes from a semi-solid state to a solid state is called the Shrinkage Limit,
SL. No significant change in volume will occur with additional drying below the shrinkage
limit. The shrinkage limit is useful for the determination of the swelling and shrinkage
characteristics of soils.
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The liquid limit, plastic limit and shrinkage limit are called Atterberg limits after A.
Atterberg (1911), the Swedish soil scientist who first proposed them for agricultural
applications.

For foundation design, engineers are most interested in the load carrying capacity, i.e.,
strength, of the soil and its associated deformation. The soil has virtually no strength at the
LL, while at water contents lower than the PL (and certainly below the SL) the soil may have
considerable strength.  Correspondingly, soil strength increases and soil deformation
decreases as the water content of the soil reduces from the LL to the SL. Since the Atterberg
limits are determined for a soil that is remolded, a connection needs to be made between
these limits and the in-situ moisture content, w, of the soil for the limits to be useful in
practical applications in foundation design. One way to quantify this connection is through
the Liquidity Index, LI, that is given by:

w — PL
Pl

LI=

2-12

The liquidity index is the ratio of the difference between the soil’s in-situ water content and
plastic limit to the soil’s plasticity index. The various phases shown in Figure 2-5 and
anticipated deformation behavior can now be conveniently expressed in terms of LI as shown
in Table 2-4.

Table 2-4
Concept of soil phase, soil strength and soil deformation based on Liquidity Index

Liquidity . Soil Strength
Soil Phase . .
Index, LI (Soil Deformation)
- Low strength
LI>1 Liquid . . . .
- q (Soil deforms like a viscous fluid)
Intermediate strength
. at w ~ LL, the soil is considered soft and very compressible
O<LI<1 Plastic * . . . Y P
e at w = PL, the soil is considered stiff
(Soil deforms like a plastic material)
.. High strength
Semi-solid to g. J . L
LI<O Solid (Soil deforms as a brittle material, i.e., sudden, fracture of
material)
FHWA NHI-06-088 2 — Stress and Strain in Soils
Soils and Foundations — VVolume | 2-17 December 2006

ENGINEERING-PDH.COM
| GED-114 |




Another valuable tool in assessing the characteristics of a fine-grained soil is to compare the
LL and PI of various soils. Each fine-grained soil has a relatively unique value of LL and
Pl. A plot of PI versus LL is known as the Plasticity Chart (see Figure 2-6). Arthur
Casagrande, who developed the concept of the Plasticity Chart, had noted the following
during the First Pan American Conference on Soil Mechanics and Foundation Engineering
(Casagrande, 1959).

I consider it essential that an experienced soils engineer should be able to judge
the position of soils, from his territory, on a plasticity chart merely on the basis
of his visual and manual examination of the soils. And more than that, the
plasticity chart should be for him like a map of the world. At least for certain
areas of the chart, that are significant for his activities, he should be well
familiar. The position of soils within these areas should quickly convey to him a
picture of the significant engineering properties that he should expect.

Figure 2-6. Plasticity chart and significance of Atterberg Limits (NAVFAC, 1986a).

Casagrande proposed the inclusion of the A-line on the plasticity chart as a boundary
between clay (above the A-line) and silt (below the A-line) to help assess the engineering
characteristics of fine-grained soils. Once Pl and LL are determined for a fine-grained soil at
a specific site, a point can be plotted on the plasticity chart that will allow the engineer to
develop a feel for the general engineering characteristics of that particular soil. The plasticity
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chart also permits the engineer to compare different soils across the project site and even
between different project sites. (The symbols for soil groups such as CL and CH are
discussed later in this manual.) The plasticity chart, including the laboratory determination
of the various limits (LL, PL and SL), are discussed further in Chapters 4 and 5. Additional
useful terms such as “Activity Ratio” that relate the PI to clay fraction are also introduced in
Chapter 5.

2.2  PRINCIPLE OF EFFECTIVE STRESS

The contacts between soil grains are effective in resisting applied stresses in a soil mass.
Under an applied load, the total stress in a saturated soil sample is composed of the
intergranular stress and the pore water pressure. When pore water drains from a soil, the
contact between the soil grains increases, which increases the level of intergranular stress.
This intergranular contact stress is called the effective stress. The effective stress, po,
within a soil mass is the difference between the total stress, p;, and pore water pressure,
u. The principle of effective stress is a fundamental aspect of geotechnical engineering and
is written as follows:

Po=Pt-U 2-13

In general, soil deposits below the ground water table will be considered saturated and the
ambient pore water pressure at any depth may be computed by multiplying the unit weight of
water, yw, by the height of water above that depth. The total stress at that depth may be
found by multiplying the total unit weight of the soil by the depth. The effective stress is the
total stress minus the pore water pressure. This concept is used to construct the profile of
pressure in the ground as a function of depth and is discussed next.

2.3 OVERBURDEN PRESSURE

Soils existing at a distance below ground are affected by the weight of the soil above that
depth. The influence of this weight, known generally as overburden, causes a state of stress
to exist, which is unique at that depth, for that soil. This state of stress is commonly referred
to as the overburden or in-situ or geostatic state of stress. When a soil sample is removed
from the ground, as during the field exploration phase of a project, that in-situ state of stress
is relieved as all confinement of the sample has been removed. In laboratory testing, it is
important to reestablish the in-situ stress conditions and to study changes in soil properties
when additional stresses representing the expected design loading are applied. The stresses
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to be used during laboratory testing of soil samples are estimated from either the total or
effective overburden pressure. The engineer's first task is determining the total and effective
overburden pressure variation with depth. This relatively simple task involves estimating the
average total unit weight for each soil layer in the soil profile, and determining the depth of
the water table. Unit weight may be reasonably well estimated from tests on undisturbed
samples or from standard penetration N-values and visual soil identification. The water table
depth, which is typically recorded on boring logs, can be used to compute the hydrostatic
pore water pressure at any depth. The total overburden pressure, p;, is found by
multiplying the total unit weight of each soil layer by the corresponding layer thickness and
continuously summing the results with depth. The effective overburden pressure, p,, at
any depth is determined by accumulating the weights of all layers above that depth with
consideration of the water level conditions at the site as follows:

Soils above the water table

e Multiply the total unit weight by the thickness of each respective soil layer above the
desired depth, i.e., po = pt.

Soils below the ground water table

e Compute pore water pressure u as zy yw Where z,, is the depth below ground water
table and yy, is the unit weight of water

e To obtain effective overburden pressure, po, subtract pore water pressure, u, from py
e For soils below the ground water table, p; is generally assumed to be equal to psat
Alternatively, the following approach can be used:

¢ Reduce the total unit weights of soils below the ground water table by the unit weight
of water (62.4 pcf (9.8 kN/m?)), i.e., use effective unit weights, v', and multiply by the
thickness of each respective soil layer between the water table and the desired depth
below the ground water table, i.e., po = (yt - 7., ) (depth), or y' (depth).

In the geotechnical literature, the effective unit weight, v', is also known as the buoyant unit
weight or submerged unit weight and symbols, y, or v, respectively are used.

An example is solved in Figure 2-7.
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Example 2-1: Find p, at 20 ft below ground in a sand deposit with a total unit weight of 110 pcf and
the water table 10 ft below ground. Assume vy, = vys. Plot p; and p, versus depth
from O ft — 20 ft.

0 ft

¥, = 110 pcf
10ft 2

20 ft

Solution:

From Equation 2-13, p, = pt—u

pr @ 10 ft = p, @ 10 ft = 10 ft x 110 pcf = 1,100 psf
p @ 20 ft = p, @ 10 ft + (10 ft x 110 pcf) = 2,200 psf
u@ 20 ft = 10 ft x 62.4 pcf = 624 psf

Po @ 20 ft=p; @ 20 ft - u @ 20 ft = 2,200 psf — 624 psf = 1,576 psf
Pressure (psf)

0 1,000 2,000 3,000
Po = P
10
Depth (ft)
Po
20 \2,200

Pressure Diagram

A plot of effective overburden pressure versus depth is called a “po — diagram” and is used
throughout all aspects of geotechnical testing and analysis.

Figure 2-7. Example calculation of a p,-diagram.
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24  VERTICAL STRESS DISTRIBUTION IN SOIL DUE TO EXTERNAL
LOADINGS

When a load is applied to the soil surface, it increases the vertical and lateral stresses within
the soil mass. The increased stresses are greatest directly under the loaded area and dissipate
within the soil mass as a function of distance away from the loaded area. This is commonly
called spatial attenuation of applied loads. A schematic of the vertical stress distribution with
depth along the centerline under an embankment of height, h, constructed with a soil having
total unit weight, y;, is shown in Figure 2-8.

I

Figure 2-8. Schematic of vertical stress distribution under embankment loading.
Graphic generated by FOSSA (2003) program.

(Note: Version 1.0 of FOSSA program is licensed to FHWA. See Appendix E for a brief
overview of the FOSSA program).

FHWA NHI-06-088 2 — Stress and Strain in Soils
Soils and Foundations — VVolume | 2-22 December 2006

ENGINEERING-PDH.COM
| GED-114 |



Estimation of vertical stresses at any point in a soil mass due to external loadings are of great
significance in the prediction of volume change of soils (e.g., settlement) under buildings,
bridges, embankments and many other structures. The computation of the total vertical stress
change induced by an external loading will depend on the configuration of the external loads.
Common examples of the external loads are as follows:

e Uniform strip loads such as the load on a long wall footing of sufficient width,

e Uniformly loaded square, rectangular or circular footings such as column footings of
buildings, pier footings, footings for water tanks, mats, etc., and

e Triangular and/or trapezoidal strip loads such as the loads of long earth embankments.

The theory of elasticity is often used to compute the stresses induced within a soil mass by
external loadings. The most widely used elastic formulae were first developed by
Boussinesq (1885) for point loads acting at the surface of a semi-infinite elastic half-space.
These formulae, often known as Boussinesq solutions, can be integrated to give stresses
below external loadings acting on a finite area. The basic assumptions in these formulae are
(a) the stress is proportional to strain, (b) the soil is homogeneous (i.e., the properties are
constant throughout the soil mass), and (c) the soil is isotropic (i.e., the properties are the
same in all directions through a point). Westergaard (1938) modified the Boussinesq
solutions by assuming that the semi-infinite elastic half-space is interspersed with infinitely
thin but perfectly rigid layers that allow vertical movement but no lateral movement. In
reality, a soil mass never fulfills the assumptions of either of these idealized solutions.
Nevertheless, these elastic solutions, with appropriate modifications and judgment, have been
found to yield acceptable approximate estimates of stresses in the soil mass and are widely
used in geotechnical engineering practice. The Boussinesq solutions are generally used in
most situations, even those where layered soils are encountered provided the thickness of the
layers is on the order of a few feet or more. On the other hand, the Westergaard solutions are
usually used for varved clays where the predominant soil mass is clay interspersed with thin
layers of sand whose thickness is on the order of inches.

The derivations of the equations for various common loadings cited above are tedious. They
are omitted in this manual so that the reader can concentrate on the use of published
solutions, generally in the form of charts. The following sections contain the chart solutions
for some of the loadings most commonly encountered in practice. Caution in the use of these
charts is advised since they all pertain to stress increments at very well-defined points
within the soil mass due to the applied pressures indicated. The total stress acting at a
point of interest is equal to the stress increment at that point due to the newly applied
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load plus existing stresses at that point due to the geostatic stress and stresses due to
other external loads applied previously.

2.4.1 Uniformly Loaded Continuous (Strip) and Square Footings

A loaded area is considered to be infinitely long when its length, L, to width, B, ratio is
greater than or equal to 10, i.e., L/B > 10. The load on such an area is commonly known as a
strip load. Figure 2-9 presents vertical pressure isobars under strip and square footings based
on Boussinesq’s theory. An isobar is a line that connects all points of equal stress increment
below the ground surface. In other words, an isobar is a stress increment contour.

Each isobar represents a fraction of the stress applied at the surface and delineates the zone of
influence of the footing such that the area contained within two adjacent isobars experiences
stresses greater than the lower isobar and less than the upper isobar. Since these isobars form
closed figures that resemble the form of a bulb, they are also termed bulbs of pressure or
simply the pressure bulbs. The pressure bulb concept gives the user a feel for the spread of
the stresses through a soil mass.

According to linear elastic theory, the size of the pressure bulb is proportional to the size of
the loaded area. This is a key concept in geotechnical engineering that is used to evaluate the
depth of significant influence, DOSI, denoted by Ds of an applied surface load. The depth
Ds is a finite depth below which there are no significant strains in the soil mass due to the
loads imposed at the surface. Typically, strains are not significant once the stresses have
attenuated to a value of 10 to 15% of those at the surface. For example, Figure 2-9a shows
that for “infinitely long” strip footings, Ds = 4 to 6B, while for square footings, Figure 2-9b
shows that Ds = 1.5 to 2B. The depths corresponding to this 10 to 15% criterion can be used
to determine the minimum depth of field exploration for proposed strip or square footings to
ensure that the anticipated significant depth is explored.

It may be seen from Figure 2-9 that the effect of the vertical stresses extends laterally beyond
the width of the loaded area, B. This observation is very useful in assessing the influence of
one loaded area on the other. Alternatively, this observation can be used to determine an
adequate spacing between adjacent loaded areas. It also indicates that the effect of
construction activities may be felt beyond a specific site. Such effects should be evaluated
before construction so that mitigation measures can be taken to avoid legal implications.
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Figure 2-9. Vertical stress contours (isobars) based on Boussinesq’s theory for
continuous and square footings (modified after Sowers, 1979; AASHTO, 2002).
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2.4.2 Approximate (2:1) Stress Distribution Concept

As an approximation to the exact solution given by the Boussinesq charts, the total load at
the surface of the soil mass may be distributed over an area of the same shape as the loaded
area on the surface, but with dimensions that increase with depth at a rate of one horizontal
unit for every two vertical units. This is illustrated in Figure 2-10, which shows a rectangular
area of dimensions B x L at the surface. At a depth, z, the total load is assumed to be
uniformly distributed over an area (B+z) by (L+z). Since the stress is distributed at the rate
of 2:1 (vertical:horizontal), this approximation method it is commonly known as the “2:1
stress distribution” method.

The relationship between the approximate distribution of stress determined by this method
and the exact distribution is illustrated in Figure 2-10. In this figure, the vertical stress
distribution at a depth B below a uniformly loaded square area of width B is shown along a
horizontal line that passes beneath the center of the area and extends beyond the edges of the
loaded area. Also shown is the approximate uniform distribution at depth B determined by
the 2:1 stress distribution method described above. The discrepancy between the two
methods decreases as the ratio of the depth considered to the size of the loaded area increases
(Perloff and Baron, 1976).

2.5 REPRESENTATION OF IMPOSED PRESSURES ON THE p, DIAGRAM

The pressure distributions computed by using the charts in Section 2.4, can be shown
superimposed on the p, diagram as shown in Figure 2-7. As discussed in the previous
sections, an applied pressure at the surface causes stress increments within the soil mass that
decrease with depth due to spatial attenuation. This is shown in Figure 2-11 where Ap is
plotted with respect to the p, line that represents the existing geostatic stress distribution. As
can been seen in Figure 2-11, Ap approaches the p, line, which indicates that at a sufficient
depth the effect of the externally imposed loads reduces significantly. In other words, this
means that most of the strain due to the increased stress from the applied load will be
experienced at relatively shallow depths below the load. As noted earlier, this depth is
known as the depth of significant influence (DOSI), Ds. Also, as indicated previously, Ds
depends on the load and load configuration as demonstrated by the pressure distribution
charts in Section 2.4. Figure 2-11 also shows that that the final stress, ps, in the soil mass at
any depth is equal to p, + Ap.
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Figure 2-10. Distribution of vertical stress by the 2:1 method (after Perloff and Baron,
1976).
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A chart such as that shown in Figure 2-11 is even more useful when the soil stratigraphy is
plotted on it. Then the stress levels in various layers will be clearly identified, which can
help the engineer determine depth of borings to collect subsurface information within DOSI
as well as perform proper analysis.

Example 2-2 illustrates these concepts by providing calculations of ps with depth due to stress
increments from a strip load and presenting the results of the calculations on a p,-diagram.

Pressure

»
»

Legend:
hw = depth to groundwater

po = effective overburden pressure
p: = total overburden pressure
Ap = pressure due to external loads

Pr =Po+ Ap

v

Depth, z

Figure 2-11. Combined plot of overburden pressures (total and effective) and pressure
due to imposed loads.
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Example 2-2: For the Example 2-1 shown in Figure 2-7, assume that a 5 ft wide strip footing with a
loading intensity of 1,000 psf is located on the ground surface. Compute the stress
increments, Ap, under the centerline of the footing and plot them on the p, diagram
shown in Figure 2-7 down to a depth of 20 ft.

0 ft

¥, = 110 pcf
10ft

20 ft

Solution:
For the strip footing, use the left chart in Figure 2-9. As per the terminology of the chart in Figure 2-
9, B =5 ftand g,= 1,000 psf. Compile a table of stresses for various depths and plot as follows:

Tt |7 | Voo | <xia, | ™ el
2.5 05 | 0.80 800 (110)(2.5)=275 1,075
5.0 10| 055 550 (110)(5.0)=550 1,100
7.5 1.5 | 0.40 400 (110)(7.5)=825 1,225
100 |20 | 032 320 (110)(10.0)=1,100 1,420
125 |25 | 025 250 1,100+(12.5-10.0)(110-62.4)=1,219 1,469
150 |3.0 | 020 200 1,100+(15.0-10.0)(110-62.4)=1,338 1,538
175 |35 | 0.18 180 1,100+(17.5-10.0)(110-62.4)=1,457 1,637
200 (4.0 | 0.16 160 1,100+(20.0-10.0)(110-62.4)=1,576 1,736
0 1,000 2,000 3,000  Pressure (psf)
f

lp/oz

Pr
5 N /
< b

Depth (ft) 19 3.
1,10 \ Ot
%N
15
|_—Y
o N v B\
20 ;,576\ 2,200

Pressure Diagram

Figure 2-12. Example calculation of ps with stress increments from strip load on p,-
diagram.
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2.6

LOAD-DEFORMATION PROCESS IN SOILS

When subjected to static and/or dynamic loads, soils deform mainly because of a change in
void volume rather than through deformation of the soil solids. When the void volume
decreases the soil is said to compress, consolidate, collapse or compact. There is an
important distinction between these four mechanisms although conceptually they appear to
be the same since each pertains to a reduction in volume.

Compression: Compression is defined as a relatively rapid decrease in void volume
that partially saturated (unsaturated) soils undergo as air is expelled from the voids
during loading.

Consolidation: Consolidation is generally defined as a time-dependent decrease in
void volume that saturated and near-saturated soils undergo as water is expelled from
the voids during loading. The conceptual process of consolidation is discussed in
Section 2.6.1.

Collapse: Collapse is primarily related to soil structure and its response to an increase
in water content that results in a rapid decrease in void volume. Collapse-susceptible
soils characteristically have dry densities less than approximately 100 pcf (16 kN/m®)
that suggest high void ratios. Their structure is like a honeycomb with fine-grained
“bridges” connecting coarser-grained particles. When dry, these soils are able to
sustain externally applied loads with very little deformation. However, upon being
wetted they tend to undergo a rapid decrease in void volume as the fine-grained
“bridges” lose strength and the entire structure collapses. The magnitude of the
potential collapse increases with increasing load. One of the important things to note
is that full saturation (S=100%) is not required for these types of soils to collapse.
Often collapse occurs at a degree of saturation of 50 to 70%. Collapse-susceptible
soils are very common in the southwest and midwest of the United States and in
many other parts of the world.

Compaction: Compaction is the name given to the compression that takes place
generally under an impact-type loading (e.g., modified and standard Proctor), a static
loading (e.g., rubber-tired or steel drum rollers) or kneading-type loading (e.g.,
sheepsfoot roller). Most commonly, the compaction processes are deliberate and
intended to achieve a dense packing of soil particles. Regardless of the type of
loading, the moisture content of the soil being compacted is far enough below the
saturation moisture content that the compaction mechanism is considered to be
related to compression (i.e., expulsion of air) rather than consolidation (i.e., expulsion
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of water) from the voids. Typically, the desired moisture content in the case of
compaction is slightly above or below the PL. If the moisture content of the soil
being compacted gets to be too close to the saturation moisture content then
“pumping” will occur, i.e. water in addition to air will be forced out of the soil.

These distinctions in load-deformation processes should be kept in mind during the
discussions that follow in subsequent sections of this chapter.

Finally, in contrast to the above processes that involve void volume decrease, there are
conditions under which soils may actually increase in volume. When the void volume
increases under static and/or dynamic load, the soil is said to dilate. Dilation can occur in
either saturated or partially saturated soils. It is a function of the initial void ratio,
confinement stress, and the magnitude and direction of the loading/unloading imposed on the
soil. Expansion, on the other hand, is generally considered to be due to the presence of
expansive clay minerals, such as montmorillonite (commercially known as “bentonite”), in
the soil and the response of these minerals to the introduction of water into the void spaces.
The physico-chemical properties of expansive clay minerals cause inter-particle repulsions to
take place in the presence of water so that even under considerable externally applied loads
these soils will undergo an increase in void volume that leads to swelling. A variation of the
expansion is heave which can occur due to various factors such as frost action or reduction in
overburden pressure due to excavation.

2.6.1 Time Dependent Load-Deformation (Consolidation) Process

Deformation of a saturated soil is more complicated than that of a dry soil since water, which
fills the voids, must be squeezed out of the soil before readjustment of the soil grains can
occur. The more permeable a soil is, the faster the deformation under load will occur.
However, when the load on a saturated soil is quickly increased, the increase is initially
carried by the pore water resulting in the buildup of an excess pore water pressure, Au.
Excess pore water pressure is water pressure greater than the hydrostatic pressure. As
drainage of the water takes place more and more load is gradually transferred from the pore
water to the soil grains until the excess pore water pressure has dissipated completely and the
soil grains readjust to a denser configuration under the applied load. This time dependent
process is called consolidation and results in a decreased void ratio and greater unit weight
relative to conditions before the load was applied. To illustrate this concept, one-
dimensional (vertical) drainage of the water will be considered here. The process is
analogous to loading a spring-supported piston in a cylinder filled with water. The spring-
piston analogy is shown schematically in Figure 2-13 and is briefly discussed below.
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Before application of load After application of load

Valve open  Pijston Valve shut Valve open

Attimet=0 Attimet =X
Excess water pressure = Au Excess water pressure = Au Excess water pressure, Au — 0
Load in spring = weight of piston Load in spring = weight of piston Load in spring — W + weight
of piston

A

Force

Applied Force, W

/ Excess Pore Water Pressure, Au

Time, t

Figure 2-13. Spring-piston analogy for the consolidation process in fine-grained soils.
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In the spring-piston model, the spring represents the solid phase of the soil and the water
below the piston is the pore water under saturated condition in the soil mass. Before a new
load, W, is applied to the piston, the system is assumed to be in equilibrium, i.e., the drainage
valve is open and there is no excess pore water pressure, Au = 0. The spring alone is carrying
any previously applied loads, such as the weight of the piston itself. The drainage valve is
closed just before the new load is applied. If the valve is completely shut-off and the piston
is leak-proof, then, there is no chance for water to escape. Such a condition represents a
clay-water system in which the clay is very impermeable so that there is significant resistance
to drainage of water in any direction. When the new load, W, is placed on the piston (this is
called the initial or “time = 0” condition), the total applied pressure immediately below the
piston, p;, which equals the load, W, divided by the area of the piston, is immediately
transferred to the water. Since the drainage valve is closed and water is virtually
incompressible, the water pressure increases to a value equal to the total applied pressure,
i.e., the excess water pressure Au = px.

At “time = 0,” the spring does not carry any of the applied load W. The excess water
pressure is analogous to the pore water pressure that would be developed in a clay-water
system under externally applied loads, e.g., loads due to construction of an embankment on
soft saturated clay. If the valve is now opened, the water will drain to relieve the excess
pressure in it. With the escape of the water, a part of the pressure carried by the water is
transferred to the spring where it induces a stress increase analogous to an effective increase
in the inter-particle stresses, po, in a soil mass. The transfer of pressure from the water to the
spring occurs over a period of time as shown on the bottom part of Figure 2-13, however, at
any time during the process, the increased stress in the spring, po, plus the excess pressure in
the water, Au, must equal the applied pressure, p.. This transfer of pressure from the water to
the spring goes on until the flow stops. At that time all of the applied pressure, p;, will be
carried by the spring, po, and none by the water, i.e., Au = 0, and the system will have come
into equilibrium under the applied load. The time required to attain equilibrium depends on
the avenue provided to the water to escape, i.e., the longest drainage path the water has to
take to leave the system. In Figure 2-13 the longest drainage path is the length of the
cylinder. Obviously, the system would drain quicker if there were another standpipe-type
drain at the bottom of the cylinder.

Regardless of the number of avenues provided for drainage, the rate of excess water pressure
drop generally decreases with time as shown in the lower half of Figure 2-13. After the
spring water system attains an equilibrium condition under the imposed load, the
compression of the piston is analogous to the settlement of the clay-water system under an
externally applied load. This process is called consolidation.
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2.6.2 Comparison of Drainage Rates between Coarse-Grained and Fine-Grained Soils

Figure 2-14 shows a comparison of excess pore water pressure dissipation in coarse-grained
and fine-grained soils. The relatively large pore spaces in coarse-grained soils permit the
water to drain quicker in comparison to fine-grained soils. This leads to a quick transfer of
applied loads to the soil solids with an associated decrease in void space. This quick load
transfer results in a displacement that is commonly termed “rapid” in contrast to the “long-
term” displacement that is associated with the consolidation process in fine-grained soils.

Maximum excess pore water pressure

Fine-grained soils
+ Coarse-grained

Figure 2-14. Comparison of excess pore water pressure dissipation in coarse-grained
and fine-grained soils.

2.7 LATERAL STRESSES IN FOUNDATION SOILS

In most cases, the vertical stress at any depth in a soil mass due to its self weight is the
summation of the simple products of the unit weight of each soil layer and its corresponding
thickness down to the depth of interest. This vertical stress was denoted by p; and the
effective component of this pressure was denoted by p,. Due a variety of factors, including
depositional patterns, the lateral stress, pn, in a soil mass is usually not the same as the
vertical stress, po. Since the vertical stress is known with reasonable certainty for practical
purposes, the lateral stress can be assumed to be a certain percentage of the vertical stress and
can be expressed as follows:

Ph = K po 2-14

For an elastic solid, the value of the proportionality constant, K, can be expressed in terms of
Poisson’s ratio, v, as follows:
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2-15

Poisson’s ratio, v, is defined as a ratio of lateral to vertical strains. The value of Poisson’s
ratio is a function of the type of material, e.g., v is practically zero for cork (hence its
suitability as a bottle stopper), for concrete v is between 0.1 and 0.2, and for steel v is
between 0.27 and 0.30. A theoretical upper limit of Poisson’s ratio is 0.5 (rubber comes
close to this limiting value). In the case of soils, v will have a different value depending
upon the type of soil and its moisture condition. For example, for free-draining soils a
reasonable value of v would be in the range of 0.25 to 0.35, while for very soft saturated
clays under rapid loading conditions the value of v would be close to 0.5. Thus, for free-
draining soils, the value of K based on elasticity theory will range from 33% to 54%
corresponding to v=0.25 and v=0.35, respectively, while for soft clays the value of K ~ 1
since v~ 0.5.

Even though a soil mass is not an elastic body, the point to be noted here is that at any point
within the soil mass both vertical and horizontal (or lateral) stresses exist. When external
forces are imposed on a soil mass, they will result in an increase in vertical stresses as
discussed in Sections 2.5 and 2.6. Equation 2-14 indicates that an increase in vertical stresses
will in turn lead to an increase in lateral stresses. While the increase in vertical stresses is
important in assessing vertical settlements, change in lateral stresses may affect the load
acting, for example, against piles supporting a bridge abutment, see Figure 2-15. In this
figure, it can be seen that the increase in vertical stress imposed by the embankment leads to
an increase in the lateral stress in the ground that causes lateral deformation (“squeeze”) of
the soft soil. As the soft soil spreads laterally it will have an effect on foundations.
Therefore, it is important to evaluate the increase in lateral stresses due to vertical loadings.

Fill
Settlement
T A
Soft Soil Thrust
Firm i ﬂ‘
ASSUMED ACTUAL
Figure 2-15. Schematic of effect of lateral stresses.
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A two-dimensional (2-D) representation of the lateral stresses transverse to an embankment
centerline is shown in Figure 2-16. This schematic was developed with a soft layer of soil
under the embankment. It can be seen that significant lateral stresses are generated in the soil
below the embankment load. Note that the vertical stresses due to the embankment can cause
zones of tensile stresses to develop near the toes of the embankment as shown by the hatched
zones in Figure 2-16. This means that tensile cracks are likely to develop near the toes of the
embankments for this particular case. This knowledge can help the geotechnical specialist to
select proper ground improvement measures rationally and to develop and implement an
instrumentation program. The key point to understand based on the schematics shown in
Figures 2-15 and 2-16 is that lateral deformations can be three-dimensional and can affect a
number of facilities such as buried utilities, embankment slopes and bridge foundations.
Lateral deformations can also affect off-site structures very easily leading to potential legal
actions. The three-dimensional (3-D) lateral deformations coupled with vertical deformations
due to vertical stresses can create a complex state of deformation that needs to be carefully
considered in the design of geotechnical features.

Similar to the estimation of vertical stresses, the theory of linear elasticity yields equations
for lateral stress distribution. However, in these equations Poisson’s ratio is assumed to be a
constant. Hence, the use of chart solutions in these cases is not as simple as for the vertical
stress case since complicated equations have to be evaluated (Poulos and Davis, 1974). One
can prepare spreadsheet solutions based on the equations or use commercially available
computer programs that have already programmed the equations. Program FOSSA (2003) by
ADAMA Engineering (Version 1.0 was licensed to FHWA) is an example of a program
capable of computing the vertical and lateral stresses due to surface loading, including
embankment and multiple footings. Figures 2-10 and 2-16 were generated using the FOSSA
program.

2.7.1 Effect of Shear Strength of Soils on Lateral Pressures

Up to now the stresses in soils have been explained by using unit weights and the theory of
elasticity. Elastic theory, when suitably modified to reflect observed phenomena in soils,
provides a tool to obtain a reasonable first approximation to a solution for many problems in
geotechnical engineering. However, elastic theory does not recognize the role of shear
strength of soil in the development of lateral pressures. For example, soils have an ability to
stand vertically or at a certain slope. The reason for this observed ability is that soil has shear
strength and to some degree can support itself. This shear strength may come from friction
and/or cohesion between the soil particles. It is intuitive that these components of shear
strength should also somehow affect the lateral pressures in soils computed by use of the
theory of elasticity. The shear strength of soils and its representation for analytical purposes
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is discussed in the Section 2.8 followed in Section 2.9 by a demonstration of how the shear
strength parameters can be used to express lateral pressures. Readers are referred to Lambe
and Whitman (1979) or Holtz and Kovacs (1981) for detailed discussions.

Zone of Tensile
Stresses

Figure 2-16. Schematic of vertical stress distribution under embankment loading.
Graphic generated by FoSSA (2003) program.

(Note: Version 1.0 of FOSSA program is licensed to FHWA. See Appendix E for a brief
overview of the FOSSA program).
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28  STRENGTH OF SOILS TO RESIST IMPOSED STRESSES

If the imposed stress in a soil mass is increased until the deformations (movements) become
unacceptably large, a “failure” is considered to have taken place. In this case, the strength of the
soil is considered to be insufficient to withstand the applied stress.

The strength of geologic materials is a variable property that is dependent on many factors,
including material properties, magnitude and direction of the applied forces and their rate of
application, drainage conditions of the mass, and the magnitude of confining pressure. Unlike
steel whose strength is usually discussed in terms of either tension or compression and concrete
whose strength is generally discussed in terms of compressive strength only, the strength of soil
is generally discussed in terms of shear strength. Typical geotechnical failures occur when the
shear stresses induced by applied loads exceed the soil’s shear strength somewhere within the
soil mass.

2.8.1 Basic Concept of Shearing Resistance and Shearing Strength

The basic concept of shearing resistance and shearing strength can be understood by first
studying the principle of friction between solid bodies. Consider a prismatic block B resting on
a plane surface XY as shown in Figure 2-17. The block B is subjected to two forces:

e Anormal force, Py, that acts perpendicular to the plane XY, and
e A tangential force, F,, that acts parallel to the plane XY.

Assume that the normal force, Py, is constant and that the tangential force, F,, is gradually
increased. At small values of F,, the block B will not move since the applied force, F,, will be
balanced by an equal and opposite force, F;, on the plane of contact XY. The resisting force, F;,
is developed as a result of surface roughness on the bottom of the block B and the plane surface
XY. The angle, 6, formed by the resultant R of the two forces F; and P, with the normal to the
plane XY is known as the angle of obliquity.

If the applied horizontal force, F,, is gradually increased, the resisting force, F;, will likewise
increase, always being equal in magnitude and opposite in direction to the applied force. When
the force F, reaches a value that increases the angle of obliquity to a certain maximum value 6,
the block B will start sliding along the plane. Recall that during this entire process the normal
force, Py, remains constant. The following terminology can now be developed:
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Normal Force, P,

Block B

Tangential Force, F,

Shearing Resistance, F,

4\_1

M_|

/ / |
L —

H =P, tan 6,, H

Figure 2-17. Basic concept of shearing resistance and strength (after Murthy, 1989).

e If the block B and the plane surface XY are made of the same material, the angle 6, is
equal to ¢, which is termed the angle of friction of the material. The value tan ¢ is
called the coefficient of friction.

e If the block B and the plane surface XY are made of dissimilar materials, the angle Op, is
equal to 8, which is termed the angle of interface friction between the bottom of the
block and the plane surface XY. The value tan & is called the coefficient of interface
friction.

e The applied horizontal force, F,, on the block B is a shearing force and the developed
force is called frictional resistance or shearing resistance. The maximum frictional or
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shearing resistance that the materials are capable of developing on the interface is
(Fa)max-

If the same experiment is conducted with a greater normal force, Py, the maximum frictional or
shearing resistance (Fa)max, Will be correspondingly greater. A series of such experiments would
show that for the case where the block and surface are made of the same material, the maximum
frictional or shearing resistance is approximately proportional to the normal load P, as follows:

(Fa)max = Pntan ¢ 2-16

If A is the overall contact area of the block B on the plane surface XY, the relationship in
Equation 2-16 may be written as follows to obtain stresses on surface XY

(Fa )max Pn
2 efmaxX 1 2N lan 2-17
A A ¢
or
T = on tand 2-18

The term o, is called the normal stress and the term t is called the shear strength. A graphical
representation of Equation 2-18 is shown in Figure 2-18a. In reality, the relationship is curved,
but since most geotechnical problems involve a relatively narrow range of pressures, the
relationship is assumed to be linear as represented by Equation 2-18 over that range.

The concept of frictional resistance explained above applies to soils that possess only the
frictional component of shear strength, i.e., generally coarse-grained granular soils. But soils
that are not purely frictional exhibit an additional strength component due to some kind of
internal electro-chemical bonding between the particles. This bonding between the particles is
typically found in fine-grained soils and is termed cohesion, c¢. Simplistically, the shear
strength, T, of such soils is expressed by two additive components as follows and can be
graphically represented as shown in Figure 2-18(b):

T=C+ oy tand 2-19

Again, in reality, the relationship is curved. But, as noted above, since most geotechnical
problems involve a relatively narrow range of pressures, the relationship is assumed to be linear
as represented by Equation 2-19 over that range.
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Normal Stress, o,

(b)
Figure 2-18. Graphical representation of shearing strength.
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Equation 2-19 was first proposed by French engineer Coulomb and is used to express shear
strength of soils. When plotted on arithmetic axes the resulting straight line is conventionally
known as the Mohr-Coulomb (M-C) failure envelope. “Mohr” is included in “Mohr-Coulomb”
because Equation 2-19 can also be derived based on concept of Mohr’s circle. The development
of the Mohr-Coulomb failure envelope based on the application of Mohr’s circle is presented in
Appendix B.

As indicated previously, the deformation of soils occurs under effective stresses. In terms of
effective stresses, Equation 2-19 can be re-written as follows:

T'=c"+(onh -u)tan ¢’ =c'+ o' tan ¢’ 2-20

where ¢’ = effective cohesion, ¢’ is the effective normal stress and ¢’ is the effective friction
angle. Further discussion on the cohesion and friction angle is presented in Chapter 4.

In geotechnical engineering, the normal stresses are commonly expressed using the overburden
pressure concept introduced in Section 2.3. In terms of overburden pressure, the term oy, in
above equations is the same as p; and the term ' is the same as p,. Thus, Equations 2-19 and 2-
20 can be expressed in terms of overburden stresses as follows:

T=C+p; tand 2-21
T'=c"+ (pt - u) tan ¢’ =’ + po tan ¢’ 2-22

Since this manual relates to geotechnical engineering, Equations 2-21 and 2-22 will be used to
express the M-C failure envelope. The physical meaning of the M-C failure envelope shown in
Figure 2-18(a) and Figure 2-18(b) may be explained as follows:

e Every point on the M-C failure envelope represents a combination of normal and shear
stress that results in failure of the soil, i.e., the Mohr failure envelope essentially defines the
strength of the soil. In other words, any point along the M-C envelope defines the
limiting state of stress for equilibrium.

e |f the state of stress is represented by a point below the M-C failure envelope then the soil
will be stable for that state of stress.

e States of stress beyond the M-C failure envelope cannot exist since failure would have
occurred before that point could be reached.
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29 STRENGTH OF SOILS RELATED TO LATERAL EARTH PRESSURES

The concept of shear strength described in the previous section can now be used to
understand the phenomenon of lateral earth pressure in a soil mass, which is related to
problems of slope stability and earth retention. From a theoretical viewpoint, problems in
these three areas (earth pressures, slope stability, and retaining structures) fall into a class of
problems involving plasticity theory and are best solved by some form of equilibrium
solution. Many geotechnical engineering text books (e.g., Lambe and Whitman, 1979; Holtz
and Kovacs, 1981) deal with these solutions extensively. From a practical viewpoint, values
of earth pressure are needed either directly or indirectly to determine:

a) If an unrestrained slope is stable and
b) If not, what kind of retaining structure will be required to stabilize the slope.

The simplest consideration of earth pressure theory starts with the assessment of the vertical
geostatic effective stress, p,, at some depth in the ground (effective overburden pressure) as
considered in Section 2.3. The lateral geostatic effective stress, py, at this depth is given in
general terms by Equation 2-14 where, for an ideally elastic solid, the value of the lateral
earth pressure coefficient, K, is given by Equation 2-15. However, the behavior of real soils
under loads is not always ideally elastic. To simplify the discussion of this topic, consider
only dry coarse-grained cohesionless soils. The geostatic effective stress condition on a soil
element at any depth, z, is shown in Figure 2-19a. Since the ground is “at-rest” without any
external disturbance, this condition is commonly referred to as the “at-rest” condition with
zero deformation. The coefficient of lateral earth pressure for this condition is labeled K.

9
| > [
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© 1 1
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= _ 1 _ 1
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Figure 2-19. Stress states on a soil element subjected only to body stresses: (a) In-situ
geostatic effective vertical and horizontal stresses, (b) Insertion of hypothetical
infinitely rigid, infinitely thin frictionless wall and removal of soil to left of wall, (c)
Active condition of wall movement away from retained soil, (d) Passive condition of
wall movement into retained soil.
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To relate to the lateral earth pressures acting on retaining structures, assume that a
hypothetical, infinitely thin, infinitely rigid “wall” is inserted into the soil without changing
the “at rest” stress condition in the soil. For the sake of discussion, assume that the
hypothetical wall maintains the “at rest” stress condition in the soil to the right of the wall
when the soil to the left of the wall is removed. This condition is shown in Figure 2-19b.
Now suppose that the “at rest” condition is removed by allowing the hypothetical vertical
wall to move slightly to the left, i.e., away from the soil element as shown in Figure 2-19c.
In this condition, the vertical stress would remain unchanged. However, since the soil is
cohesionless and cannot stand vertically on its own, it actively follows the wall. In this
event, the horizontal stress decreases, which implies that the lateral earth pressure coefficient
is less than K, since the vertical stress remains unchanged. When this occurs the soil is said
to be in the “active” state. The lateral earth pressure coefficient at this condition is called the
“coefficient of active earth pressure,” K,, and its value at failure is expressed in terms of
effective friction angle, ¢', as follows:

_1-sin¢’

" Lesing' #2

a

Returning to the condition shown in Figure 2-19b, now suppose that the *“at rest” condition is
removed by moving the hypothetical vertical wall to the right, i.e., into the soil element as
shown in Figure 2-19d. Again, the vertical stress would remain unchanged. However, the
soil behind the wall passively resists the tendency for it to move, i.e., the horizontal stress
would increase, which implies that the lateral earth pressure coefficient would become
greater than K, since the vertical stress remains unchanged. When this occurs the soil is said
to be in the “passive” state. The lateral earth pressure coefficient at this condition is called
the “coefficient of passive earth pressure,” Kp, and its value at failure is expressed in terms
of effective friction angle, ¢', as follows:

1+sin¢’
P~ 1-sing 2-24
When failure occurs during either of the two processes described above, “Rankine” failure
zones form within the soil mass. The details of how the failure zones develop are described
in most geotechnical engineering textbooks and will not be treated here. The so-called
“Rankine” failure zones and their angles from the horizontal are shown in Figure 2-20.
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Figure 2-20. Development of Rankine active and passive failure zones for a smooth
retaining wall.

2.9.1 Distribution of Lateral Earth and Water Pressures

The earth pressure coefficients, K, and Kp, can be substituted into Equation 2-14 to obtain
equations for active and passive lateral earth pressures, respectively as follows:

Pa = Ka Po 2-25a
pp = Kp po 2‘25b

It can be seen from Equations 2-25a and 2-25b that the lateral pressures p, and p, are a
certain fraction of the vertical effective overburden pressure po,. Thus, active and passive
lateral earth pressures are effective pressures and their distribution will be same as that for p,.
The overburden pressure increases in proportion to the unit weight and is typically triangular
for a given geomaterial. The general distribution of the active and passive pressures along
with the configuration of active and passive failure surfaces is shown in Figure 2-21a and 2-
21b, respectively.

In cases where ground water exists, the lateral pressure due to the water at any depth below
the ground water level is equal to the hydrostatic pressure at that point since the friction angle
of water is zero and use of either Equation 2-23 or 2-24 leads to a coefficient of lateral
pressure for water, K,, equal to 1.0. The computation of the vertical water pressure was
demonstrated previously in Example 2-1. Since K,=1, the same computation applies for the
lateral pressure as well. The lateral earth pressure is computed by using the vertical effective
overburden pressure p, at any depth and applying Equations 2-25a and 2-25b. The lateral
earth pressure is added to the hydrostatic water pressure to obtain the total lateral pressure
acting on the wall at any point below the ground water level. For a typical soil friction angle
of 30 degrees, K, = 1/3. Since K, = 1, it can be seen that the lateral pressure due to water
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is approximately 3 times that due the active lateral earth pressure. A general case for
the distribution of combined active lateral earth pressure and lateral water pressure is shown
in Figure 2-22. As will be discussed in Chapter 10 (Earth Retaining Structures), this
disparity in lateral pressures has serious consequences when the stability of walls is
considered and is the reason why drainage behind walls is so important.

Movement Horizontal = v Movement
o/ i A
- 7
Failure Failure
/5 surface i surface //
o i )
c=0
Resultant H
/ 7 R45+¢/2
=
(a) (b)
Active pressure atdepthz:  p.=K,yz Passive pressure at depth z:  p, =K,y z

Active force within depth z: P, =K,yZz%/2  Passive force within depth z: P, = K,y Z°/2

Figure 2-21. Failure surfaces, pressure distribution and forces (a) active case, (b)
passive case.
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— —Y
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Figure 2-22. General distribution of combined active earth pressure and water
pressure.
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2.9.2 Deformations Associated with Lateral Pressures

The active and passive pressures are predicated on the development of a certain amount of
lateral deformation in the soil. The magnitudes of these lateral deformations and their effect
on the development of earth pressures at failure are discussed in Chapter 10 (Earth Retaining
Structures).

2.10 UNSATURATED SOIL MECHANICS

As discussed in this Chapter, soil is three phase system that consists of solid particles, liquid
and gas. Classical soil mechanics concentrates primarily on the behavior of saturated or dry
soils, i.e., a two phase system. For soils in a saturated state, the principle of effective stress is
invoked to quantify stress and strain in the soil mass. For soils in a dry state, pore water
pressure does not exist and the total stress and effective stress are the same. In reality, all the
pore space in soil within the depth of significant influence of geotechnical features is rarely
occupied by liquid or gas alone. This is particularly true for soils above the ground water
table and soils that are mechanically compacted as in the case of earthworks. In such soils
the degree of saturation is generally intermediate between 0% (dry soil) and 100% (saturated
soil). Under these conditions, negative pore pressures, i.e., suction, may exist within the soil
mass depending upon the type of soil and its grain size distribution. An example of the
presence of negative pore pressures is the capillary rise often encountered above the water
table. Such negative pore pressures affect all aspects of soil behavior ranging from volume
change and shear strength to seepage. Consequently, unsaturated soil behavior impacts a
broad array of engineering issues ranging from foundation design and performance to flow
through earth embankments and the engineering of facilities on or in expansive, collapsible
and compacted soils (ASCE 1993, 1997).

To date the tendency in engineering practice has often been to apply a total stress approach
where the effects of negative pore pressures are not properly simulated. In the last couple of
decades significant progress has been made to model such negative pore pressures and that
field of study is often called “unsaturated soil mechanics.” Discussion of the engineering
behavior of unsaturated soils is beyond the scope of this manual. At this stage, it is important
simply to realize that advanced studies beyond those discussed in this manual may be
required on projects where unsaturated state can significantly affect the engineering behavior
of soils. The interested readers are directed to the work by Fredlund and Rahardjo (1993),
who provide a comprehensive treatment of unsaturated soils.
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