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This manual provides foundation engineers with a comprehensive
reference on estimating engineering soil parameters from field or
laboratory test data. Empirical correlations are used extensively to
evaluate soil parameters. The manual describes the most impor-
tant of these correlations completely and systematically with an
emphasis on the correlations of relatively common tests, including
those that are seeing increased usage in practice.

The analysis of all geotechnical problems, such as transmission structure
foundation design, requires the adoption of a soil behavioral model that
must include all relevant soil properties. These soil properties are not
known in advance and require the design engineer to either measure or
estimate properties using correlations. However, the source, extent, and
limitations of correlations are most often obscured in the presentation of
the relationships. When plotted, most correlations are presented as a sim-
ple line, but in reality they may be based on a veritable shotgun blast of
data points.

To present a readily usable, comprehensive set of correlations for estimat-
ing soil properties with each correlation presented in the context of its
historical evolution and statistical variability; to update existing correlations
with new data when possible.

The researchers established a context for basic soil characterization, in-
cluding simple soil descriptions, classification, unit weight, relative density,
and consistency. Next, they developed correlations for in situ state of stress,
strength, elastic behavior, time-dependent deformability, and permeability—
both for common tests and for newer tests coming into increasing use.

This work is a collection of correlations that organize a huge body of dis-
persed knowledge into a coherent framework. Comprehensive correlations
are given for basic soil characterizations, in situ stress state tests, strength
tests, tests of elastic and time-dependent deformability, permeability tests,
and liquefaction resistance tests. Each correlation is constructed from its
beginnings in the literature. Some correlations are original amalgams of
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several different presentations, and several correlations are consider-
ably enhanced by the addition of new data. Further, many new correla-
tions were developed when sufficient data were available. All of the
presentations give the foundation designer an immediate feel for the
variability of each relationship.

This manual is intended to make the job of the transmission structure
foundation designer easier. A second application is to aid in the devel-
opment of local soil property correlations specific to particular utility
service areas. This use of the soil properties manual will tie in directly
with the use of the TLWorkstation™ foundation task modules, CUFAD
and MFAD (EPRI report EL-6420, volumes 16 and 17), and the recently
released CUFAD+ EPRIGEMS module (report EL-6583-CCML). Finally,
the manual can serve to alert the design engineer, who previously had
only standard penetration test data on which to base soil characteriza-
tions, that several other in situ tests are vastly superior predictors of
soil properties. The engineer is thus presented with the data to make a
cost-benefits analysis of the worth of better data on which to base de-
sign. For other EPRI work on soil properties and foundation design see
EPRI reports EL-2870 and EL-6420, volume 2.
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ABSTRACT

This manual focuses on the needs of engineers involved in the geotechnical design
of foundations for transmission line structures. It also will serve as a useful
reference for other geotechnical problems. In all foundation design, it is neces-
sary to know the pertinent parameters controlling the soil behavior. When it is
not feasible to measure the necessary soil parameters directly, estimates will have
to be made from other available data, such as the results of laboratory index tests
and in-situ tests. Numerous correlations between these types of tests and the
necessary soil parameters exist in the literature, but they have not been synthe-
sized previously into readily usable form in a collective work. This manual summa-
rizes the most pertinent of these available correlations for estimating soil param-
eters. In many cases, the existing correlations have been updated with new data,
and new correlations have been developed where sufficient data have been avail-
able. For each soil parameter, representative correlations commonly are presented
in chronological order to illustrate the evolutionary development of the particular
correlation. The emphasis is on relatively common laboratory and in-situ tests and

correlations, including those tests that are seeing increased use in practice.
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Section 1

INTRODUCTION AND BACKGROUND

This manual has been prepared to assist foundation engineers in the selection of
soil parameters, primarily for the geotechnical foundation design of transmission
line structures. It also will serve as a useful reference for other geotechnical
problems. Soil is a complex engineering material, and its properties are not
unique or constant. Instead, they vary with many environmental factors (e.g.,
time, stress history, water table fluctuation, etc.), as discussed in most geotech-

nical reference books.

Because of the complexity of soil behavior, empirical correlations are used exten-
sively in evaluating soil parameters. In this manual, an attempt has been made to
summarize the most pertinent of these empirical laboratory and in-situ test corre-
lations in an organized mammer. The emphasis is on relatively common tests and

several newer tests that are seeing increased use in practice.

Within this section, the necessary background is presented to understand and appre-
ciate the nature of soil correlations and modeling, and the scope of this manual is

outlined.

SOIL CORRELATIONS

The analysis of all geotechnical problems requires the adoption of a soil beha-
vioral model, complete with all relevant soil properties. These soil properties
are not known beforehand, and therefore the design engineer must either measure the
properties under controlled conditions in the laboratory or field or estimate the
properties from other test data. These estimates are made most often from labora-
tory index tests and in-situ test results, which are correlated to the soil proper-
ties either by calibration studies or by back-calculation from full-scale load test

data obtained in the field.

Comprehensive characterization of the soil at a particular site would require an
elaborate and costly testing program, well beyond the scope of most project budg-

ets. 1Instead, the design engineer must rely upon more limited soil information,



and that is when correlations become most useful. However, caution must always be
exercised when using broad, generalized correlations of index parameters or in-situ
test results with soil properties. The source, extent, and limitations of each
correlation should be examined carefully before use to ensure that extrapolation is
not being done beyond the original boundary conditions. "Local" calibrations,

where available, are to be preferred over the broad, generalized correlations.

In addition, many of the common correlations in the literature have been developed
from test data on relatively insemsitive clays of low to moderate plasticity and on
unaged quartz sands reconstituted in the laboratory. Extrapolation of these corre-
lations to "special™ soils, such as very soft clays, organic clays, sensitive
clays, fissured clays, cemented soils, calcareous sands, micaceous sands, collap-
sible soils, and frozen soils, should be done with particular care because the cor-
relations do not apply strictly to these soil deposits. Careful examination of the
soil samples and reference to available geologic and soil survey maps should be
made to detect the possible presence of these soils. The same special care should
be exercised in remote areas and where no prior experience has been gained. If any
"special” soils are present, or if no experience has been documented in a given

area, a qualified geotechnical expert should be consulted for guldance.

SOIL AND TEST VARIABILITY

Soil is a complex engineering material which has been formed by a combination of
various geologic, enviromnmental, and chemical processes. Many of these processes
are continuing and may be modifying the soil in-situ. Because of these natural
processes, all soil properties in-situ will vary vertically and horizontally. Even
under the most controlled laboratory test conditions, soil properties will exhibit
variability. This variability becomes more pronounced in the field where the natu-
ral geologic environment is introduced. When empirical correlations are used,
additional uncertainty is introduced. These levels of uncertainty must be con-

sidered when assessing the reliability of a particular foundation design.

Variability also may be introduced by the type of laboratory or in-situ test used.
Each available test will provide a different test result because of differing boun-
dary conditions and loading mechanisms. Figure 1-1 illustrates these variables for
some of the common laboratory strength tests and field tests. For the laboratory
strength tests, corrections are necessary to interrelate the particular test
results because of the different boundary conditions. For the field tests, differ-
ent in-situ responses are being measured in the different tests, as described in

Appendices A through E. Each test has its own variability, and the relative merits
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Laboratory Strength Tests

§4e o s

Field Tests
SPT CPT PMT DMT VST
SYMBOLS: TC - triaxial compression SPT - standard penetration test
TE - triaxial extension CPT - cone penetration test
DS - direct shear PMT - pressuremeter test
DSS - direct simple shear DMT - dilatometer test
PSC - plane strain compression VST - wvane shear test

PSE - plane strain extension

Figure 1-1. Common Laboratory Strength Tests and Field Tests

of each test should be considered within the overall project context. Appendix F

provides a general comparison of these field test methods.

SOIL MODELING

Wroth and Houlsby (1) have stated succinctly that correlations ideally should be
(a) based on a physical appreciation of why the properties can be expected to be
related, (b) set against a background of theory, and (c) expressed in terms of
dimensionless variables to allow scaling. These thoughts should always be kept in

mind when using any type of correlation.

It also must be remembered how complex soil behavior really is. Ladd, et al. (2)

described this complexity as follows.

"A generalized model of the stress-strain behavior of soils
should ideally account for nonlinearity, yielding, variable
dilatancy (volume changes caused by shear stress), and ani-
sotropy (both inherent and stress system induced), plus the
behavioral dependence on stress path, stress system (orien-
tation of ¢4 and relative magnitude of 09), and stress his-
tory (both initial and changes due to consolidation)”".



Table 1-1 summarizes the major categories of analytical models that currently are
available for representing the behavior of soils. These models range from rather
complex (I) to advanced (II) to simple (III) descriptions of soil. Constitutive
models for soil behavior require input in the form of soil properties and in-situ
parameters. In most cases for transmission line structure foundations, Category

III models may be most appropriate at the present time.

Jamiolkowski, et al. (3) also discuss the available laboratory and field tests in
use for characterizing soil. Their discussion focuses on a wide range of soil
behavior issues and might suggest that soil modeling is a most difficult task.
However, new efforts in research and development have resulted in considerable
progress in understanding soil behavior. The calibration and modification of soil
models have been made possible by the back-analysis of performance data from full-
scale field structures, such as deep foundations, embankments, tunnels, offshore
platforms, and high-rise buildings. As additional field performance data become
available, newer and more reliable correlations undoubtedly will be developed.
This progress in research ideally will allow foundation design to evolve from Cate-
gory III in Table 1-1 to Categories II and then I, at which time all of the neces-

sary soil behavior issues will be addressed.

Table 1-1

CATEGORIES OF ANALYTICAL METHODS FOR SOIL MODELING

Category Main Features of Models Determination of Soil Parameters

I Very advanced models using non- Only from sophisticated laboratory
linear elastic-plastic time-depen- tests, with the exception of vari-
dent laws which possibly incorpo- ables which must be obtained from
rate anisotropic behavior in-situ tests

II Advanced models using constitu- Laboratory tests which are only a
tive incremental elastic-plastic little more sophisticated than con-
laws and nonlinear elastic rela- ventional tests; in-situ tests also
tionships appropriate

IIT Simple continuum, such as isotro- Conventional laboratory and in-situ
pic elastic continuum, including tests

layering and empirical models

Source: Adapted from Jamiolkowski, et al. (3), p. 58.



At the present time, there is one modeling concept of soil behavior which is of
some practical use for estimating soil properties. This concept is known as Criti-
cal State Soil Mechanics (CSSM) and is described in Appendix G. With this concept,'
a general predictor for soil behavior has emerged. Strictly speaking, CSSM is
applicable only to remolded, insensitive soils without aging, cementing, and other
environmental influences. However, the resulting model predicts well the behavior
of normally consolidated, insensitive soils, also without aging, cementing, and
other environmental influences. In other soils, the model effectively provides a
lower bound on the predicted property, such as the undrained shear strength. For
these reasons, property prediction by CSSM has been included in this manual as a

valuable reference on probable lower bound behavior of natural soils.

SCOPE OF MANUAL

In the following sections, commonly used correlations have been compiled that are
helpful for estimating soil properties. Within a particular topic, these correla-
tions are selected and presented in an approximate evolutionary order to represent
the development of the relationship as newer research findings became available.

In certain instances, it was mnecessary to develop new correlations to supplement
existing ones. Where new correlations have been developed, the complete data set
and regression analysis results are presented to provide a measure of the validity
of the relationship. The regression equation is presented first, normallyvusing an
assumed intercept of zero for simplicity. The number of data points in the corre-
lation is denoted by n, and the standard deviation (S.D.) is given to allow assess-
ment of the dispersion around the regression line. Also given is the coefficient
of determination, r2, which is the ratio of the explained variation to the total
variation. For r2 = 1, a perfect correlation exists; for r2 = 0, no correlation
exists; and for r2 = 0.75, 75 percent of the observed variation in y may be attrib-
uted to x. In almost all cases presented, the value of r2 for a zero intercept was
only 1 or 2 percent less than the r2 for a regression line with an intercept. The
sample correlation coefficient, r, is the statistic for testing the significance of
a simple two-variable linear relationship (i.e., how well the data fit a linear
relationship). For r = 0, no linearity exists while, for r = + 1, direct linearity

exists.

By presenting the complete data set, the regression equation, and some pertinent
statistics (n, S.D., r2), the user will be able to assess the quality of the rela-
tionship and use the results accordingly. This format also will allow direct
incorporation of the results into evolving reliability-based design procedures.

Moroney (4) states rather directly in Figure 1-2 the importance of presenting the
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IT IS DISHONEST TO PRESENT
TH+IS FOR THIS

y y

X X

Figure 1-2. Importance of Proper Data Presentation

Source: Moroney (4), p. 29.

data properly.

Since this manual is directed toward the practicing engineer, its focus has been
limited to the more common tests available on a commercial basis and to those tests
that are seeing increased use in practice. Included are the common laboratory
index and performance tests and the field standard penetration test (SPT), cone
penetration test (CPT), pressuremeter test (PMT), and vane shear test (VST). The
newer tests included are the dilatometer test (DMT), piezocone or cone penetration
test with pore water stress measurement (CPTU), and the self-boring pressuremeter
test (SBPMT). Intentionally mot included are the wide variety of simple hand
devices which are intended primarily for field inspection purposes, such as the
pocket penetrometer, torvané, geostick, dynamic cone, etc. These are not design or
performance devices and should not be used as such. Also not included are scaled
tests such as the plate load test or centrifuge test, which may be used to model

full-scale foundation performance on a smaller scale.

Section 2 addresses basic soil characterization to define the soil material, while
Section 3 focuses on evaluating the in-situ soil stresses. The evaluation of soil
strength is covered in Section 4, while Sections 5 and 6 address elastic and time-
dependent soil deformability, respectively. Section 7 covers soil permeability,

while Section 8 briefly addresses the special topic of liquefaction resistance.

Appendices A through F provide information on the various in-situ tests used in the

correlations, primarily for those readers who are not familiar with the tests.



This information was extracted largely from EPRI Reports EL-2870 (5) and EL-5507,
Vol. 2 (6). These reports should be consulted for further details on the tests.
Appendix G gives a brief summary of the Critical State Soil Mechanics concept, and
Appendix H summarizes available CPT calibration chamber data used to develop a num-

ber of correlations in this manual.

Within this manual, an effort has been made to present the relationships in dimen-
sionless form for ease in scaling to whatever units are desired by the user.
Therefore, stresses have been made dimensionless by the atmospheric pressure or
stress, p,, which is equal to 1.058 tsf, 14.7 psi, 101.3 kN/mz, etc. A simple,
approximate conversion for preliminary work is that 1 atm = 1 tsf = 1 kg/cm2 = 100
kN/mz. These approximate conversions have been used liberally with previously
published work where the 1 or 2 percent variation would not be significant. All
unit weights have been made dimensionless by the unit weight of fresh water, 7y,
which is equal to 62.4 pcf or 9.80 kN/m3. Where lengths are included, dual units

are given. A detailed unit conversions guide is given as Appendix I.

Lastly, Appendix J presents summary tables to assist the user in locating specific
recommended correlations in this manual. These tables are not intended to be a
substitute for the text, which puts the correlations in proper perspective.

Instead, they are intended to be a quick reference guide for the experienced user.
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Section 2

BASIC SOIL CHARACTERIZATION

One of the first steps in any geotechnical design problem is to develop an under-
standing and knowledge of the soil materials at the site. Soil is a complex engi-
neering material, and therefore it is important to know its basic characteristics
as thoroughly as possible before attempting to define its engineering design prop-
erties. 1In this section, procedures are presented to describe and classify soil,
to estimate its unit weight, and to estimate its physical characteristics. General
descriptions, simple index tests, and correlations with in-situ test results are

used where available.

SIMPLE DESCRIPTIONS

Simple descriptions for soil are useful because they help to establish the nature
and/or physical characteristics of the soil material in the laboratory or in-situ.
In terms of basic behavior, soils often are described simply as either cohesionless
or cohesive. Cohesionless soils include coarser-grained granular materials, such
as sands, gravels, and non-plastic silts. Cohesive soils include finer-grained

plastic materials, such as clays and plastic silts.

Particle Size and Distribution

The particle size and distribution are necessary to describe the basic nature of
soil. For coarse-grained soils, the size and distribution are determined using
nested sieves, as described in ASTM D422 (1) and D2217 (2). Identification by par-
ticle size is given in Table 2-1. For fine-grained soils, the size and distribu-
tion are determined by a hydrometer test (l). Clay-size particles generally are

defined as those being less than 2 microns (0.002 mm).

From the particle size analyses, several parameters are defined which are of use in
later sections of this manual. These parameters are: Dgg = particle size at which
60 percent of the sample is finer (by weight), D5g = mean grain size = particle
size at which 50 percent of the sample is finer, Djp = effective grain size = par-
ticle size at which 10 percent of the sample is finer, and Cy = Dgo/Dip = uniform-

ity coefficient. Soils with a high value of G, are well-graded and contain a wide
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Table 2-1

SOIL PARTICLE SIZE IDENTIFICATION

Size Limits

Broad Group Name ASTM Sieve Number mm

Coarse-Grained Boulder > 12 in > 305
Cobble 12 in to 3 in 305 to 76
Coarse gravel 3 in to 3/4 in 76 to 19
Fine gravel 3/4 in to No. 4 sieve 19 to 4.75
Coarse sand No. 4 to No. 10 sieve 4.75 to 2.0
Medium sand No. 10 to No. 40 sieve 2.0 to 0.42
Fine sand No. 40 to No. 200 sieve 0.42 to 0.075

Fine-Grained Silt and/or clay < No. 200 sieve < 0.075

Note: Particles finer than fine sand can not be discerned with the naked eye at
a distance of 8 in. (203 mm).

range of particle sizes, while soils with a low value of C, are uniformly graded

and contain particles of similar sizes.

Index Parameters for Cohesive Soils

The relative consistency of cohesive soils is described by several useful index
parameters which are expressed as water contents at particular soil states. These
consistency states are known as Atterberg limits, determined by ASTM D4318 (3.

The most common index parameters are: wy = in-situ natural water content, wI, =
liquid limit, wp = plastic limit, PI = wy, - wp = plasticity index, and LI = (wp -
wp)/(wy, - wp) = liquidity index. Soils with a liquid limit (wy) greater tham 50
percent are termed "highly plastic". A plasticity index (PI) greater than 25 to 30
may mean troublesome soils with low strength, high compressibility, high shrink-
swell potential, etc. The liquidity index (LI) is an excellent indicator of geo-

logic history and relative soil properties, as shown schematically in Figure 2-1.



Wn ’
Mo W

Sensitive_ NC_ _LOC HOC

— Decregsing water content

# Increasing OCR, K,

-—— Increasing strength, modulus

—-———— » Decreasing compressibility
> ! 0 <o

= Decreasing LI

NC = normally consolidated

LOC = lightly overconsolidated

HOC = heavily overconsolidated

OCR = overconsolidation ratio = Gp/0y,

op = maximum vertical effective stress in soil during its geologic history
Oyo = vertical effective stress in-situ

Tho = horizontal effective stress in-situ

K, = in-situ coefficient of horizontal soil stress = Gho/0vo

Figure 2-1. Liquidity Index Variations

Index Parameters for Cohesionless Soils

Cohesionless soils also can be represented by simple index parameters, generally -
expressed in terms of either "unit weight" or "demsity®. Unit weight (y) is
defined as the soil weight per unit volume and is given by the units kN/m3 or
lb-force/ft3. Density (p) is defined as the soil mass per unit volume, with units
of kg/m3 or lb-mass/ft3. Although density actually is the preferred term in modern
SI usage, conventional engineering practice has favored unit weight, which will be
used in this manual. The ratioc (vy/p) is the gravitational acceleration (g), which

is equal to 9.807 m/sec2 or 32.17 ft/secz.

For cohesionless soils, the relative density (D,) expresses the degree of compact-
ness with respect to both the loosest and densest states achieved by standard labo-
ratory procedures [ASTM D4253 (4) and D4254 (5)]. Most commonly, the relative den-

sity is expressed in terms of void ratio:

€max -~ © (2-1)
D, = ————— -
r emax -~ ©min

in which e = in-situ void ratio, epzy = maximum void ratio (loosest), and eyjn =

minimum void ratio (demsest). Alternatively, Dy can be expressed as:



Pdmax(Pd - Pdmin)
pd(Pdmax - Pdmin)

Dy = (2-2)

in which pg = in-situ dry density, pgpzx = maximum dry density, and Pdmin = minimum
dry density. In this equation, unit weight can be used alternatively in place of
density. In some instances, the degree of relative compactness is described in

terms of the density index (Ip):

Pd - Pdmin
Ip=—""7"-" (2-3)
Pdmax -~ Pdmin

Relative density is a useful parameter for describing the relative behavior of
cohesionless soils. Standard terminology is given in Table 2-2. Column (a) tends
to be used more commonly in the U.S. Increasing Dy generally means increasing
strength and decreasing compressibility. If D, is negative, a collapsible soil
structure may be present, such as can occur with honeycombed soils and very loose
cemented or calcareous sands with e > ep,y. The applicability of Dy is limited to
cohesionless soils having less than 15 percent fines. In practice, it has been
misapplied occasionally to soils having greater than 15 percent fines, with ques-
tionable results. Since it is very difficult to obtain truly undisturbed samples

of clean sands, the direct measurement of Dy also is difficult. In addition, the

Table 2-2

RELATIVE DENSITY OF COHESIONLESS SOILS

Relative Density Dr (%)
(a) (b)
Very loose 0 to 15 0 to 20
Loose 15 to 35 20 to 40
Medium 35 to 65 40 to 60
Dense 65 to 85 60 to 80
Very dense 85 to 100 80 to 100

a - Source: Lambe and Whitman (6), p. 31.
b - Source: Meyerhof (I, p. 17.



in-situ void ratio (e) is compared to ep.y and epjp, both of which are subject to
considerable error in their determination in the laboratory. For these reasons, Dy

should be considered only as an index parameter.

For a variety of natural and artificially-prepared mixtures of sands, epyy and epip
depend primarily on the particle roundness (R) and the uniformity coefficient

(Cy). The roundness is defined as the ratio of the minimum radius of the particle
edges to the inscribed radius of the entire particle. Although R is difficult to
measure, it can be estimated from the apparent angularity of the grains, as shown
in Figure 2-2. Combined with a particle size analysis, the epyyx and epjp values

can be estimated from Figure 2-3. This figure is valid for clean sands with normal

to moderately-skewed particle size distributions.

R<O.17 R=0.20 R=0.30 R=0.35 R=0.50 R=0.70

Very Angular  Angular Subangular Subrounded  Rounded  Well-Rounded

Figure 2-2. Particle Roundness Definitions

Source: Adapted from Youd (8).
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Source: Youd (8), p. 108.
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Characterization by Simple Field Tests

For preliminary reconnaissance studies and quality control during comstruction,
simple manual field tests are useful in describing the characteristics of in-place
soils. For cohesive soils, Table 2-3 provides guidelines for approximate plasti-
city characteristics. Similarly, manual tests can provide a crude index of the
unconfined compressive strength (qy) or undrained shear strength (s;) of cohesive
soils, as indicated in Table 2-4. A pocket penetrometer (for q,) or torvane (for
Sy) also can be used to provide these approximate values, even though these meas-

urements are crude.
Simple field tests similarly are available for evaluating the characteristics of
cohesionless soils. Table 2-5 provides rough guidelines for this purpose by use of

a reinforcing bar.

Color and Odor

Color also may be a useful indicator of some soil characteristics. For example,
yellow and red hues often represent iron oxides in deeply weathered soil profiles.
Dark greeﬁs and browns often indicate organic soils, particularly when coupled with
the distinctive odor of decaying organic matter. Odor sometimes is an indicator of
contaminants as well. Color also can assist in differentiating topsoil and the
depth and extent of weathering. For these reasons, color and odor (if any) should

always be considered an integral part of any soil description.

Table 2-3

APPROXIMATE PLASTICITY AND DRY STRENGTH OF SOIL BY SIMPLE TESTS

Plasticity PI (%) Dry Strength Field Test on Air-Dried Sample
Nonplastic 0 to 3 Very low Falls apart easily
Slightly plastic 3 to 15 Slight Easily crushed with fingers
Medium plastic 15 to 30 Medium Difficult to crush
Highly plastic > 30 High Impossible to crush with fingers

Source: Sowers (9), p. 83.



Table 2-4

APPROXIMATE COHESIVE SOIL STRENGTH BY SIMPLE TESTS

qu

Strength (ksf) (kN/mz) Field Test
Very soft 0 to 1/2 0 to 25 Squeezes between fingers when fist is closed
Soft 1/2 to 1 25 to 50 Easily molded by fingers
Firm 1 to 2 50 to 100 Molded by strong pressure of fingers

Stiff 2 to 3 100 to 150 Dented by strong pressure of fingers
Very stiff 3to 4 150 to 200 Dented only slightly by finger pressure
Hard >4 > 200 Dented only slightly by pencil point

Note: qu = unconfined compressive strength = 2 sy
sy = undrained shear strength

Source: Sowers (9), p. 80.

Table 2-5

APPROXIMATE COHESIONLESS SOIL RELATIVE DENSITY BY SIMPLE TESTS

Density Dy (%) Field Test

Loose 0 to 50 Easily penetrated with 0.5 in. (12 mm) reinforcing rod
pushed by hand

Firm 50 to 70 Easily penetrated with 0.5 in. (12 mm) reinforcing rod
driven with 5 1b (2.3 kg) hammer

Dense 70 to 90 Penetrated a foot with 0.5 in. (12 mm) reinforcing rod
driven with 5 1b (2.3 kg) hammer

Very dense 90 to. 100 Penetrated only a few inches with 0.5 in. (12 mm)
reinforcing rod driven with 5 1b (2.3 kg) hammer

Note: generally refers to shallow depths in uncemented quartz and feldspar sands

Source: Sowers (9), p. 8l.



CLASSIFICATION

General Classification and Identification Systems

Classification systems are useful for grouping together soils of similar particle
size and plasticity characteristies. By this grouping into pre-established cate-
gories, consistent terminology can be employed to represent a soil fitting within
the bounds of a particular category. The most widely used of these systems is the
Unified Soil Classification System [ASTM D2487 (10) and D2488 (11)], given in Table
2-6. To use this system properly, both particle size and Atterberg limits data are
needed. With the particle size and Atterberg limits data, the soil is classified
using the pre-established group symbols in Table 2-6. Plastic soils utilize the
pPlasticity chart shown as well. Note that if any soils plot above the "U" line in
the plasticity chart, the data should be questioned and verified. Further details

are given in the ASTM Standards.

Other well-known special purpose classification systems have been developed by the
U. S. Department of Agriculture (USDA) for agricultural purposes, the Federal Avia-
tion Administration (FAA) for airport pavements, and the American Association of
State Highway and Transportation Officials (AASHTO) for highway pavements. These

systems normally are not used in foundation engineering.

As an alternative, Burmister (12, 13) developed a soil identification system for
both field and laboratory use. As compared with the classification systems which
use pre-established soil group categories, Burmister’s approach uses rapid and sim-
ple visual-manual procedures to approximate the particle size and gradation and
overall plasticity index. Essential features of the resulting soil identification
are given in Table 2-7. With this system, approximate percentages of the principal
and minor components are estimated using the notation in Table 2-7a. Particle size
and gradation terms are defined in Tables 2-7b and ¢. For the fines (percent < No.
200 sieve), the overall plasticity is estimated and then described using the nota-
tion in Table 2-7d. Example identifications also are given with this table. Once
the straightforward visual-manual procedures are mastered, some 15 to 30 samples
per hour can be identified in terms of their approximate particle size distribution

and plasticity index.

Cone Penetration Test (CPT) Classifications

The CPT has been used widely for many years as a site investigation device.
Although no soil sample is recovered, the cone tip resistance (qc), cone side

resistance (fg), and friction ratio (Rf = FR = f5/q.) have been employed to
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Table 2-6

UNIFIED SOIL CLASSIFICATION SYSTEM

Soil Classification
Criteria for Assigning Group Symbols and Group Names Using Laboratory Tests? Group
s Group Name ®
ymbol
Coarse-Grained Soils Gravels Clean Gravels Cuz4and1=Ccx3f GW Well-graded gravel”
More than 50 % retained on No. More than 50 % of coarse Less than 5 % fines©
200 sieve fraction retained on No. 4 Cu <4 andjor 1> Ce >3° 6P Poorty graded gravei”
sieve Gravels with Fines More  Fines classify as ML or MH GM Silty gravet~S.H.
than 12 % fines® - -
Fines classify as CL or CH GC Clayey gravel -G+
Sands Clean Sands Cuz6and1=<Ccx3f sSwW Well-graded sand
50 % or more of coarse Less than § % fines© :
fraction passes No. 4 sieve Cu < 6 andjor 1 > Cc > 3% SP Poorly graded sand’
Sands with Fines Fines classify as ML or MH SM Silty sand 9~
than 1 o
More than 12% fires®  es classiy as CL or CH SC  Clayey sand®™
Fine-Grained Soils Sitts and Clays inorganic Pl > 7 and piots on or above “A” lineY  CL Lean clay &M
. iquid fimit
ggo%st:ae passes the No.  Liquid fimit less than 50 Pl < 4 or plots below “A" line” ML SitRom
organic Liquid limit — oven dried <075 anic clay--M-N
"Uquid imit — not dried ~ ' oL Organic sitteM.0
Sitts and Clays inorganic Pi plots on or above “A” line CH Fat clayem
iquid limit
Liquic kmit 50 or more Pl plots below "A” line MH  Elastic sit<i-M
organic Liquid imit — oven dried _ OH Organic clay"-M-»>
"Liquid fimit — not dried i Organic sitt*-M.2
Highly organic soils Primarily organic matter, dark in color, and organic odor PT Peat
A Based on the material passing the 3-in. (75-mm) £ (OaoP Mif soil comtains = 30% plus No. 200, pre-
. = —30f ) = - .
sieve. Cu = Deo/D1o Do X Deg dominantly grave!, add “gravelly” to group name.
9 1f field sample contained cobbles or boulders, or F If soil contains = 15 % sand. add “with sand"” to NPt 2 4 and plots on or above "A" line.
both, add “with cobbles or boulders, or both™ to group name. © Pl < 4 or plots below “A” line.
group name. _ S if fines classify as CL-ML. use dual symbol GC- # Pt piots on or above *A” line.
CGravels with 5 to 12% fines require dual GM, or SC-SM. © P plots below “A” line.
symbols: o "1t fines are organic, add “with organic fines” to
GW-GM well-graded gravel with silt group name.
GW-GC well-graded gravel with clay ' it soil contains = 15 % gravel, add “with gravel”
GP-GM poorly graded gravel with silt 10 group name.
GP-GC poorly graded gravel with clay “ it Atterberg limits plot in hatched area, soil is a
OSands with 5 to 12% fines require dual CL.mL, sitty clay.
symbols: o X1t soil contains 15 to 29 % plus No. 200, add
SW-SM well-graded sand with silt with sand™ or “with gravel” whichever is pre-
SW-SC well-graded sand with clay dominant.
SP-SM poorty graded sand with sit L) sol contains = 30% plus No. 200, pre-
SP-SC poorty graded sand with clay dominantly sand, add “sandy” to group name.
60 T T T
— -
a
¥ 40} <&
o) S\ >
S =,
n 7/
= d
_9 / O\/
- b
@ 20| S
— 7
a P
7/
- V4 -
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Source: American Society for Testing and Materials (10), pp. 289, 292.



Table 2-7

BURMISTER SOIL IDENTIFICATION SYSTEM

(a) Terms Describing Composition of Cohesionless Soils

Identification Proportion
Component Written Symbol Written Symbol % by Weight
Principal GRAVEL G - - > 50
SAND s - - > 50
SILT § - - > 50
Minor Gravel G and a 35 to 50
Sand S some s 20 to 35
Silt g little 1 10 to 20
trace t 1 to 10
(b) Terms Describing Gradation of Cohesionless Soils
Designation
Written Symbol Defining Proportions
coarse medium to fine cmf all fractions > 10%
coarse to medium cm < 10% fine
medium to fine nf < 10% coarse
coarse c < 10% medium and fine
medium m < 10% coarse and fine
fine f < 10% coarse and medium

NOTE: For proportions in (a) and (b), use ¥ for upper limit and - for lower limit.



Table 2-7 (cont’'d)

BURMISTER SOIL IDENTIFICATION SYSTEM

(c) Particle Size Definitions

Soil Fraction Sieve Number and Size

Gravel coarse 3 in to 1l in (76 mm to 25 mm)
medium 1l in to 3/8 in (25 mm to 9.5 mm)
fine 3/8 in to No. 10 (9.5 mm to 2.0 mm)

Sand coarse No. 10 to No. 30 (2.0 mm to 0.6 mm)
medium No. 30 to No. 60 (0.6 mm to 0.25 mm)
fine No. 60 to No. 200 (0.25 mm to 0.075 mm)

Silt - < No. 200 (< 0.075 mm)

(d) Terms Describing Cohesive Soils Based on Overall Plasticity

Overall Plasticity Principal Component Minor Component
Plasticity
Written Symbol Index Written Symbol Written Symbol
Non-plastic - 0 SILT 1 Silt 4
Slight Ss1 1 to5 Clayey SILT Cy¢ Clayey Silt Cyg
Low L 5 to 10 SILT & CLAY g&C Silt & Clay g&C
Medium M 10 to 20 CLAY & SILT c&y Clay & Silt C&g
High H 20 to 40 Silty CLAY gycC Silty Clay gyC
Very High VH > 40 CLAY ' C Clay C
EXAMPLES: Full - coarset medium to fine~ SAND, some~ medium fine Gravel,

tracet Silt

Abbreviated - ctmf- SAND, s~ -mf Gravel, tt-Silt

Shorthand - c¢'mf~ $, s~ -mfG, tt-§

Full - CLAY & SILT, littlet coarse” medium to finmet Sand, Medium
Plasticity

Abbreviated - CLAY & SILT, 1*t-c¢ mf* S, M-PL

Shorthand - C & ¥, 1*-c mfts, M-Pl

NOTE: Principal component (> 50%) always listed first. If no principal component,
list sand first.

Source: Burmister (12, 13).
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classify the soil in-situ. Since soil classification by the CPT is an empirical
approach, it has been an evolutionary process which has required periodic updates
as new and larger data bases have been collected and evaluated. Two representative
examples of the earlier interpretations of CPT data are shown in Figure 2-4. Fur-
ther research led to empirical classification charts for the mechanical Begemann
friction-cone, as shown in Figure 2-5. Similar developments led to classification
charts for electric friction cones, as shown in Figure 2-6 in original form and in

Figure 2-7 in simplified form.

Recently, it has been realized that the correlations should be made dimensionless
by appropriate scaling factors (Wroth, 18). Numerous field studies have shown that
the cone side resistance increases proportionally with confining stress. For the
tip resistance, the proportionality varies with soil type (e.g., Jamiolkowski, et
al., 19). Therefore, at the present time, the most rational approach to soil clas-

sification by the CPT is by using dimensionless parameters, as given in Figure 2-8.

Soil classification using Figure 2-8 requires an iterative approach, since q. is
divided by a power function of the vertical effective stress, (Gyo )P, and the expo-
nent (n) depends upon the soil type. This exponent (n) increases from about 0.5
for sands to approximately 1 for clays. An initial estimate of soil type may be

obtained from Figure 2-7. A first estimate of n for the iterative solution then

0.6 0.8
1 T 1 1 T T
400} Mechanical Friction 400} Electric Friction

Cone Cone [
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~o )
< 300 300} . L4 =
Q
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o 2.6 2.5 ¢
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o 36 33 =
c 100 45 100} O o
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8.0 10.0
o} o]
0 o) 1 2 3 4
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a. Mechanical Friction Cone b. Electric Friction Cone

Figure 2-4. Early Soil Classification by CPT

Source: Laboratorium voor Grondmechanica (14), p. 29.
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can be made from Figure 2-8.

As described in Appendix B, different results commonly are obtained using different
cones. Therefore, adjustments to the following figures may be warranted as a func-

tion of conme type and shape, as given in Appendix B.

Piezocone Penetration Test (CPTU) Classifications

With the recent development of the piezocone, which measures the total penetration
pore water stress (up) in addition to q. and fg, the ability of the cone penetrome-
ter to delineate soil stratigraphy and provide an accurate classification of soil
type is enhanced greatly. 1In loose, contractive sands, the value of Uy closeiy
follows the hydrostatic stress (uy). In dense, dilatant sands, uy may be less than
ug. In clays, cone penetration generates excess pore water stresses which are
recorded by the pore water transducer. Two of the recent soil classification sys-
tems based on CPTIU measurements are given in Figures 2-9 and 2-10. Other classifi-
cation charts are given by Robertson, et al. (23). 1In the first of these figures,

the parameter Bq is used, which is defined as:

Uy - Yo
By = ——— 2-4
q aT - %vo ¢ )

in which uy, = measured total pore water stress (usually behind the tip), U, =
hydrostatic pore water stress, ¢r = corrected cone tip resistance, and Oyo = total

overburden stress.
One important finding which has evolved from the development of piezocones is that
the cone tip and side resistances must be corrected for pore water stress effects
acting on unequal areas of the cone geometry. The corrected tip resistance is
given by:

qr = e + (1 - a)ubt_ (2-5)
in which q; = measured cone tip resistance, a = net area ratio for the particular

cone (See Figure 2-11.), and upr = pore water stress behind the tip. Similarly,

the correction for cone side resistance is given by:
fe = s + (us Agp - upt Ag])/Ag (2-6)

in which ug = pore water stress behind the sleeve, Ag = surface area of the sleeve,
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fs = measured cone side resistance, and Agl and Agy are the net internal areas of

the sleeve, as given in Figure 2-11.

Dilatometer Test (DMT) Classifications

The flat dilatometer test (DMT) also is capable of providing an estimate of the
soil type and consistency. The original development of the DMT (Marchetti, 24)

included a classification based on the material index, Ip, defined as:

P1 - Po )
Ip = — -7
D Po - Yo ( )

in which p, = contact stress, Pl = stress to expand membrane 1 mm into soil, and U,
= ambient equilibrium pore water stress (often assumed to be hydrostatic, although
not necessarily so). A more recent interpretation is shown in Figure 2-12, which

is based on Ip and the dilatometer modulus, Ep, defined as:
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Ep = 34.7(p1 - Po) (2-8)
This correlation also provides an estimate of the soil unit weight.

UNIT WEIGHT

As previously defined, the soil unit weight (y) is determined as the weight of soil
per unit volume. The relationship between dry (vg) and total (yrora}) unit weight

is:

Ytotal (1 + wp)vd (2-9)
in which w, = natural water content (as a decimal). Table 2-8 presents typical

soil unit weights.

RELATIVE DENSITY OF COHESIONLESS SOILS FROM IN-SITU TEST CORRELATIONS

The standard penetration test (SPT) N value and the CPT cone tip resistance (q.)
have been used extensively to estimate the relative density of cohesionless soils
in-situ. Although they are used commonly in practice, different approaches have
been adopted by different authors. Some of these differences in methodology result
from improvements in the understanding of penetration tests and the relevant fac-
tors affecting the test values. Also, the estimation of the relative density using
the SPT and CPT results is an evolutionary process during which newer and larger
data bases are compiled to allow for more statistically significant trends to be
established. Furthermore, some earlier studies were based on penetration tests
conducted in one type of soil. Testing of more soils of differing geologic ori-
gins, stress histories, and mineralogies allows for refinements and adjustments to

existing correlations.

Standard Penetration Test (SPT) Correlations

Early work on this subject simply correlated the SPT N value directly with relative
density, as shown in Table 2-9. Later laboratory research demonstrated that the
SPT N value also was influenced significantly by the overburden stress. Figure
2-13 shows these results, which were based on calibration chamber tests. For prac-
tical use in estimating Dy from N and &,,, these results were presented in alterna-

tive forms such as that shown in Figure 2-14.

Additional research showed that these relationships are even more complex and

dependent upon other factors, including vertical stress, stress history, and sand
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Table 2-9

RELATIVE DENSITY OF SAND VERSUS N

N Value Relative
(blows/ft or 305 mm) Density Dy (%)
0 to 4 very loose 0 to 15
4 to 10 loose 15 to 35
10 to 30 medium 35 to 65
30 to 50 dense 65 to 85
> 50 very dense 85 to 100

341 and Lambe and Whitman (6), p. 31.
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Effect of Overburden Stress Figure 2-14. Relative Density-N-Stress

Relationship

Source: Holtz and Gibbs (29), p. 44l.

type (primarily compressibility influences), as a minimum. Figure 2-15 illustrates

some of these complexities.

The studies presented in Figure 2-15 led to a corre-

lation for estimating Dy from SPT N values that includes the effect of overburden
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Source: Marcuson and Bieganousky (30), p. 1301.

stress (Jyo), particle size distribution (Gy), and stress history (OCR = ap/avo)

as given below:
Dp(%) = 12.2 + 0.75[222N + 2311 - 711 OCR - 779(8yo/Pa) - 50 G,210-5 (2-10)

Regression analyses of the data gave r2 = 0.77. The data all were unaged with OCR

equal to 1 or 3.

An important factor affecting the SPT N value is the energy efficiency of the drop
hammer onto the drill rods. The theoretical free-fall energy for the SPT is 140 1b
(0.623 kN) times 30 in (0.76 m) or 4200 in-1b (0.475 kN-m). Typically, the average
energy ratio (ER) is about 55 to 60 percent in the U.S.A., although this value can

vary from 30 to 90 percent for particular drillers and SPT equipment in practice.

Skempton (31) reviewed SPT calibration data from Japan, China, the U.K., and the

U.S.A. and suggested correction factors based on standard practice in these coun-
tries. Some of the variables affecting the energy efficiency include the type of
hammer, age of the rope, borehole size, and use of liners in the split spoon sam-
pler. For example, the donut hammer is less efficient than the safety hammer, as

shown by the energy ratio examples in Figure 2-16. Correcting the hammers to a

2-20



SPT N Value (blows/ft or 305mm)

o) 20 40 60 0 20 40 60
1 1] T i 1 1 T 1] 1
. 34e  (Megsured) 5 (Corrected)
6 55‘,\. 45 ] 20 N \.\. 120
< Donut e ,~Hommer
604 ,
sl >° 40 hammer25 sl "/—corrected 125
E 56‘\.4| .'. to ER=55
— 63a_ 430 | ' percent 30
£ 10F gz, 1o * =
=% ~, / !
S L 039 dzs | o 435 —
o //fSOfety \
L h N
12 834307 a0 12 N 440
L = 3 /
al-Energy . 1 o
! ratio (ER)—f:'69 14
1 1 1 1 1 1 1 ! 1 i
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Source:.: Robertson, et al. (32), p. 1454.

constant energy ratio eliminates the differences. The energy efficiency also
depends upon the size of cathead and number of turns of the rope, as indicated in
Figure 2-17. Standard U.S. practice is two turns of rope on a large cathead.

The SPT N value, corrected for field procedures, is given below:

Ngo = Cgr Cg Cg Gg N (2-11)
in which Ngg = N value corrected for field procedures to an average energy ratio of
60 percent, N = measured SPT N value, and Cgr, Cg, Cg, and CRp are correction fac-
tors for energy ratio, borehole diameter, sampling method, and rod length, respec-

tively, as given in Table 2-10.

Since the SPT N value also varies with stress level, overburden stress correction

factors are used to provide a consistent point of reference. This correction takes

the form:

(N1)g0 = On Neo (2-12)

in which (N1)gg = Ngp value corrected to a reference stress of one atmosphere and

Cy = correction factor for overburden stress.
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Table 2-10
SPT CORRECTION FACTORS FOR FIELD PROCEDURES
Correction
Factor Equipment Variables Term Value
Energy ratio .Safety hammer Cgrr 0.9
Donut hammer 0.75
Borehole diameter 65 to 115 mm (2.5 to 4.5 in) Cy 1.0
150 mm (6 in) 1.05
200 mm (8 in) 1.15
Sampling method Standard sampler Cg 1.0
Sampler without liner 1.2
Rod length > 10 m (> 30 ft) Cr 1.0
6 to 10 m (20 to 30 ft) 0.95
4 to 6 m (13 to 20 ft) 0.85
3 to 4m (10 to 13 ft) 0.75
Source: Based on Skempton (31).



Perhaps the simplest expression for Cy is given below (Liao and Whitman, 33):
CN = (Pa/Bvo )0 (2-13)

A comparison of different Cy recommendations is given in Figure 2-18. Basically,
all methods give similar corrections for &y, > 0.5 p; within the range of expected
accuracy for the SPT. The correction factors proposed by Skempton are based large-

ly on laboratory test data, while the others have been derived from field data.

Although Equation 2-13 is simple, high values of Cy develop at very low values of
Oyo - Alternatively, Skempton (31) suggested the following for fine sands:

Cny = 2/(1 + 8yo/Pa) (2-14)

This equation gives a maximum Cy of 2 at the ground surface. Figure 2-19 shows
that both equations are adequate for &y, > 0.5 p; and also appear applicable for

use in overconsolidated sands.

Once the SPT N value has been corrected for field procedures and overburden effects
to give (N1)gp, it can be used to evaluate the relative density as a function of
the soil characteristics. Figure 2-20 shows (N1)6O/Dr2 as a function of the soil

particle size (Ds5g). The laboratory data in this figure were obtained from studies

SPT Overburden Correction Factor, Cy
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Figure 2-18. Comparison of SPT Overburden Corrections
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Figure 2-20. Particle Size Effect on Blow Count for Sands

at the Waterways Experiment Station (WES) on three sands (30, 36, 37). Most of the
data were for unaged, normally consolidated (NC) sands (OCR = 1), although a small
series of tests was conducted on overconsolidated sands with OCR = 3. Skempton's

interpretation (31) of these data is shown, but it is believed that the averaged



curves and smoothed data he used led to an underestimation of (N1)6O/Dr2- Re-eval-
uation of the original data (36, 37) leads to the higher values shown, using either
Skempton's linearized overburden effect (31) or Liao and Whitman’s (33) nonlinear

overburden effect. These results can be approximated as follows:
(N1)g0/Dr2 = 60 + 25 log Dsg (2-15)

which is applicable for NC, unaged sands. The OC data give higher values than
Equation 2-15, and aged sands also give higher values. The data from Niigata,
Japan were tabulated by Skempton (31), but they were re-evaluated individually.
The Peck and Bazaraa (38) curve represents coarse sands (no exact particle size
given) from field test evaluations. These data represent aged sands that likely

were overconsolidated.

Figure 2-21 illustrates the data as a function of age of the deposits. The WES
laboratory data are plotted at an age of several days. The Niigata, Ogishima, and
Kawagishi data summarized by Skempton (31) represent NC recent fills that were
assigned approximate ages of 30 to 40 years. The time is not known for the OC,
aged, Peck and Bazaraa data, so it is estimated at 100 to 10,000 years. The other
four sites (A, B, C, D) are given by Barton, et al. (39). They represent OC, aged,

fine and fine to medium sands of four geologic periods, as noted.

200 T T T T T i T H i 1 1] D T
- [ B
A.’ B,C,D pre oc, Og.ed’ Grontham
- fine and fine to medium sands {Jurossic)
150 SL —
L Folkestone E
(Cretaceous)
I »—-—-—-—A—c
o I . B s
~ Norwich
o - (Lower Pleistocene) é?gshot
~
3 100+ Peck ond Bozaraa- (Eocene} =
— L coarse . field, oged, coorse e — T
= | {Dgg=475mm) medlum?________:L — 7’ i
i e e— Niigato-NC, aged Aging Effect
50 __ Laboratory- fine CA=|.2+0.05|09 (f/'OO)_
| |NC,unoged . Ogishima-NC, aged j
® Kowagishi-NC, oged
fine fine 4
r (Dgp=0.074mm) ‘ -
(0] 1 L 1 1 1 1 1 1 1 1 | H
- 4 6 8 10
152 | 108 10 10 10 10

Age or Time Since Deposition, t (years)

Figure 2-21. Aging Effect on Blow Count for Sands
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Based on Figures 2-20 and 2-21, it is clear that particle size, aging, and overcon-
solidation significantly influence the (N1)60/Dr2 ratio. These effects can be

quantified as follows:

(ND)6o

D = ——
T Cp Cp Cgcr

(2-16)

in which Cp, Cp, and Cocp are the correction factors given in Table 2-11. Cp is
based on Figure 2-20. Cp is based on a conservative interpretation of the impre-
cise data in Figure 2-21. Cggr is based on direct evaluation of the WES data and
interpretation of the Niigata data. It also is consistent with the studies pre-

sented by Tokimatsu (40).

Finally, the complete expression for relative density (Dy) in terms of SPT N value,

including all corrections and modifying terms, is:

5 ) CER Cp Cg CR Cy N
¥~ Cp Gy Cocr

(with Dy in decimal form) (2-17)

in which N = measured N value and the corrections are as follows: energy ratio
(Cgr), borehole diameter (Cg), sampling method (Cg), rod length (CR), overburden
stress (Cy), particle size (Cp), aging (Ca), and overconsolidation (Cocr) -

Cone Penetration Test (CPT) Correlations

Early work on this subject was similar to the SPT, and therefore the CPT qe value

Table 2-11

SPT CORRECTION FACTORS FOR SAND VARIABLES

Correction
Effect Parameter Texrm Value
Particle size Dsg of sand Cp 60 + 25 log Dsg
(D50 in mm)
Aging Time (t) Ca 1.2 + 0.05 log (t/100)
Overconsolidation OCR = Gp/0yo Cocr ocg0-18




simply was correlated directly to relative density, as shown in Table 2-12. As
with the N values, recent research has shown that the relationships are more com-
plex. Figure 2-22 shows the generalized relationship for Ticino sand, which is of
medium compressibility. The vertical effective stress can be used with this figure
if the sand is unaged and normally consolidated. The horizontal effective stress

should be used if the sand is aged or overconsolidated.

Figure 2-23 illustrates that the generalized CPT correlations vary for soils of
different compressibilities. Curve 3 corresponds to data on Monterey sand, which
is of low compressibility. Monterey sand is characterized by subrounded to sub-
angular grains, which are composed mainly of quartz and some feldspar, with zero
percent fines. Curve 2 is for Ticino sand, a granular soil of moderate compressi-
bility with subangular grains composed of quartz and 5 percent mica, with less than
1 percent fines. Curve 3 is for the high compressibility Hilton Mines sand, con-
sisting of angular iron mine tailings of quartz, feldspar, and mica composition,

with 3 percent fines.
To compare cone tip resistances obtained at different depths, it is necessary to

reference the values to a standardized reference stress level, usually taken as

Ovo/Ps = 1 atmosphere. The standardized cone tip resistance (q,) then becomes:

qn = Cq dc (2-18)

Table 2-12

RELATIVE DENSITY OF SAND VERSUS q.

Cone Tip Relative
Resistance, q./pa Density Dy (%)
< 20 Very loose < 20
20 to 40 Loose 20 to 40
40 to 120 Medium 40 to 60
120 to 200 Dense 60 to 80
> 200 Very dense > 80

Source: Meyerhof (7), p. 17.
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Source: Robertson and Campanella (7)), p. 723.
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in which q. = measured cone tip resistance, and Cq = overburden stress correction

factor. For all practical purposes, Cq 1s nearly identical to Cy, proposed for the

SPT and given as:



Cq = On = (Pa/Fvo)0-> (2-19)

Much research on the CPT has been conducted in calibration chambers, which are
described briefly in Appendix H. These studies allow the use of controlled sand
properties and in-situ stresses, which is not possible in the field. One summary
of Dy data from calibration chamber tests on five different normally consolidated
sands is shown in Figure 2-24. This figure illustrates the range in actual data
taken under controlled laboratory conditions after uniform soil placement. The
generalized figures shown earlier in this section do not show the data range and
perhaps suggest a high confidence level. Figure 2-24 shows what the actual ranges
are for only five sands under controlled laboratory conditions; field cases are

likely to exhibit more wvariability.

Calibration chamber data are useful, but the tests are performed with flexible
walls of limited dimensions. Therefore, the boundary effects result in lower q.
values than obtained for "field conditions™, corresponding to an infinite half-
space. To correlate the field and chamber q. values, Jamiolkowski, et al. (19)

recommended dividing the field value of g, by Kq, as given below:
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Figure 2-24. Correlation Between D, and Dimensionless g, (Uncorrected for Boundary
Effects)

Source: Jamiolkowski, et al. (19), p. 120.
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Kq = 1 + (Dy - 30)/300 (2-20)

before entering Figure 2-24. The equivalent chamber values then can be used to

evaluate Dy. This process requires iteration, because the value of Dy is not known.

As an alternative approach, the results of 24 sets of calibration chamber tests on
sands were compiled, in which the values of q. were corrected for the effects of
boundary conditions. These sands were predominantly fine and medium sands. A sum-
mary of this compilation is given in Appendix H. For the majority of chambers with
flexible walls, the boundary correction required an increase in q, to reflect

"field" values.

The results of this study are given in Figures 2-25 and 2-26 for unaged, uncemented
sands. 1In all cases, a linear relationship was obtained for the square of the rel-
ative density (Drz) versus the dimensionless cone tip resistance, given as shown by
Qcp. Figure 2-25 shows the normally consolidated sands, separated into low,
medium, and high compressibility. Low compressibility (Figure 2-25a) generally
corresponds to quartz sands with little, if any, fines. Medium compressibility
(Figure 2-25b) suggests quartz with some feldspar, with perhaps several percent
fines. High compressibility (Figure 2-25c¢) indicates more fines, mica, and other
compressible minerals. Most natural sands likely will be more toward the medium to
high range of compressibility. As shown in these figures, the correlation is good
below the limit of possible particle crushing. This limit was established by sta-
tistical analysis of the data, optimizing the r? value as a function of different
limiting Qgp values from 250 up to the entire data set. The limiting Qgp values
shown provide the maximum r2 for the data and define the boundary of possible par-
ticle crushing. Data points beyond the limiting QCD values are not included in the

statistics.

Figure 2-26 shows comparable calibration chamber data on overconsolidated sands,
separated into low (< 3), medium (3 to 8), and high (8 to 15) OCR ranges. These
data also were optimized using r2 for different Qcp limiting values, resulting in

the regression lines and possible particle crushing limits showm.

A summary of these relationships is given in Figure 2-27 for all of the corrected
calibration chamber data. This figure clearly shows the influence of compressibil-
ity and OCR on the relationship between Dr2 and the dimensionless cone tip resis-

tance. These relationships can be quantified approximately as follows:
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D2 = B 2-21
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2 Cq(Qc/Pa)
D2 = 305 96 Gocm (2-21b)
(d¢/Pa)
D2 = L e (2-21c)

305 Qg 0oCcRC-18 (5 /p.)0.5

in which Qg = compressibility factor (0.91 for high, 1.0 for medium, and 1.09 for
low) and Qpcgr = overconsolidation factor (= OCRO-18), comparable to Cgocr for the
standard penetration test. The Qgpgr factor was evaluated using the mean OCR values
for the low, medium, and high OCR data equal to 2.3, 5.1, and 10.1, respectively.
The majority of natural sands are likely to be of medium to high compressibility

and low to medium OCR.

It should be noted that Equation 2-17 for the SPT is similar in form to Equation

2-21 for the CPT, although some differences are evident. Perhaps the most



important difference is that the SPT relationship includes aging, while the CPT
relationship is only for unaged sands. If the same functional relationship for
aging holds for both the SPT and CPT, then Cp (as given in Table 2-11) would be
introduced into the denominator of Equation 2-21. This addition is speculation at
this time. However, the Cp changes qualitatively explain the effects of aging in a

reasonable manner.

Dilatometer Test (DMT) Correlations

The DMT is a relatively new test for which broad correlations have not yet been
developed for relative density (Dy). However, it has been used to estimate Dy in
normally consolidated, uncemented sands. This correlation is shown in Figure 2-28
for Dy as a function of the DMT horizontal stress index (Kp), described in Appendix

D and defined as:

Kp = (Po - o) /Fyo (2-22)

in which py = initial contact stress, u, = hydrostatic stress, and Oyo = effective
vertical stress. This correlation is based on few data and should be considered

preliminary at this time.
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Figure 2-28. Correlation Between DMT Horizontal Stress Index and Relative Density
for Normally Consolidated, Uncemented Sand

Source: Robertson and Campanella (41), p. 39.
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CONSISTENCY OF COHESIVE SOILS FROM IN-SITU TEST CORRELATIONS

The standard penetration test (SPT) N value and the cone penetration test (CPT) qc
value also have been used to estimate the consistency of cohesive soils in-situ.
However, little published work has been presented on these correlations, and there-

fore all should be considered approximate at best.

Standard Penetration Test (SPT) Correlations

The consistency of cohesive soils has been correlated with the N value, as shown in
Table 2-13. 1In general, these values are to be considered only approximate guide-

lines, since clay sensitivity can greatly affect the N value (Schmertmann, 42).

Although the correlations with N value in clay commonly are considered to be less
reliable than those in sand, increasing N values do, in general, reflect increasing
stiffness and therefore decreasing liquidity index. To express this general corre-

lation, the consistency index (CI) has been defined as follows:

WL - V¥n
Cl=———=1 - LI (2-23)
WL - wp

which effectively is a mirror image of the liquidity index. Table 2-14 is

Table 2-13

CONSISTENCY OF CLAY VERSUS N

N Value
(blows/ft or 305 mm) Consistency

0 to 2 Very soft

2 to &4 Soft

4 to 8 Medium

8 to 15 Stiff

15 to 30 Very stiff
> 30 Hard

Source: Terzaghi and Peck (27), p. 347.
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Table 2-14

CONSISTENCY INDEX OF CLAY VERSUS N and qe

N Value Cone Tip
(blows/ft or 305 mm) Resistance, q./p, Consistency Consistency Index
<2 <5 Very soft < 0.5
2 to 8 5 to 15 Soft to medium 0.5 to 0.75
8 to 15 15 to 30 Stiff 0.75 to 1.0
15 to 30 30 to 60 Very stiff 1.0 to 1.5
> 30 > 60 Hard > 1.5

Source: Szechy and Varga (43), p. 105.

representative of the CI correlations.

Cone Penetration Test (CPT) Correlations

The consistency of cohesive soils also has been related to the cone tip resis-
tance. Again, as with the N values, the correlations in clay are less reliable. A

typical correlation is given also in Table 2-14.

RELATIONSHIP BETWEEN SPT N AND CPT q. VALUES

Because of the numerous relationships developed for either SPT or CPT data, it is
advantageous to have a procedure to interrelate N and qe- Both are penetration
resistances (although the SPT is dynamic and the CPT is quasi-static), and they are

the most common forms of in-situ testing used worldwide today.

A number of investigators have proposed single numerical values of qc/N. However,
recent studies have shown that q./N generally correlates with grain size, as shown
in Figure 2-29. Unfortunately, most of these data do not include N or qc value

corrections as noted previously.

Newer data (44 - 50) have been combined with the previous results in Figure 2-29 to
result in Figure 2-30. This new relationship confirms the general trend of the

data, and it extends the relationship to mean grain sizes up to 10 mm. The new
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recommended relationship is given by the solid line and regression equation on the

figure.



In other studies, the ratio of dc/N has been correlated to the percentage of fines
(clay and silt sizes). For example, Jamiolkowski, et al. (44) indicate the trend
presented in Figure 2-31 for Italian soils. In addition to these data, other
available data were summarized (46, 47, 49) to substantiate a general trend between
the q./N ratio and fines content, as shown in Figure 2-32. Use of Figures 2-30 and
2-32 will provide the best estimate relationship between q. and N, with the ratio

decreasing with increasing fines content.
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Figure 2-31. Variation of q./N with Fines Content

Source: Jamiolkowski, et al. (44), p. 1895.
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Section 3

IN-SITU STRESS STATE

In most geotechnical engineering problems, a knowledge of the in-situ state of
stress is necessary for two reasons. First, these stresses represent the original
conditions onto which any engineered construction imposes stress increments. These
initial through final stress conditions are used to evaluate the overall engineer-
ing performance of the constructed facility. Second, nearly all engineering prop-
erties of soil are a function of the soil stresses, either directly or indirectly.

Therefore, the stresses are needed to evaluate the soil properties.

In this section, procedures are presented to evaluate the in-situ stresses in both
cohesive and cohesionless soils. Vertical stresses are covered first, followed by
horizontal stresses. In each case, correlations are presented with soil index

parameters and in-situ test results, where available.

BASIC DEFINITIONS

The in-situ state of stress in soil is defined in terms of the current values of
effective vertical stress (o) and effective horizontal stress (6n,). For hori-

zontal, level ground, the in-situ stress state is shown in Figure 3-1.

The current vertical stress is determined in a straightforward manner, being equal
to the effective overburden stress in which Gy, = Jz. However, the horizontal
stress is more difficult to evaluate. The stress ratio is K,, the at-rest coeffi-
cient of horizontal soil stress, which is defined as 0}4/0yo. As a lower bound, K,
could equal K, the coefficient of minimum active soil stress. The upper bound for

Ko, is Kp, the coefficient of maximum passive soil stress. For horizontal, level

_ y = Effective unit
vo- Y2 weight

- LI~ Gro=K, &,

Figure 3-1. Stresses in Soil
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ground and an effective stress cohesion (8) = 0, these limit states are given by

Rankine theory as below:

1 + sin apsc

- (3-1
1 - sin ¢pse

in which Bpsc = effective stress friction angle for plane strain compression condi-
tions. Using these limits for a cohesionless soil with Bpsc = 40°, for example, K,

could range from 0.2 to 4.6.

Many factors affect the in-situ state of stress in soil, including overconsolida-
tion, aging, chemical bonding, etc. Overconsolidation is probably most influen-
tial for the majority of soils, because it is caused by glaciation, erosion, desic-
cation, excavation, ground water fluctuations, and possibly other factors. 1In this
regard, the effective vertical preconsolidation stress (denoted Ep, Oymax: O Pe)
is an important measure of the soil stress history. This maximum past stress
affects the compressibility, strength, consistency, and overall state of stress.

It is often convenient to represent the stress history in terms of a dimensionless

parameter defined as the overconsolidation ratio (OCR):
OCR = Gp/Byo (3-2)

The magnitude of op and OCR can be evaluated directly from the results of one-di-
mensional consolidation tests conducted on undisturbed cohesive soil samples. Cor-

relations with other tests and soil types are presented in this section.

The magnitude of K, may be measured directly eitﬁer in the laboratory using special
testing equipment, or in the field using devices such as the pressuremeter or total
stress cells. However, these direct methods may be subject to unavoidable distur-
bance effects during sampling and in-situ testing. Alternatively, several empiri-
cal approaches can be used to evaluate the in-situ value of Ko, including: (1)
reconstruction of stress history, (2) correlations with soil index parameters, and
(3) correlations with in-situ test results. All three approaches are described in

this section.

RECONSTRUCTION OF STRESS HISTORY

Reconstruction of the soil stress history involves tracing the stress paths of the

soil as in Figure 3-2, from virgin loading, to primary unloading, to primary
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Figure 3-2. Stress Paths for Simple Stress Histories

reloading, and then cyclical load-unload looping from water table fluctuationms,
etc. (above point E in figure). Virgin loading represents normally consolidated
(NC) soils with OCR = 1. All other stress paths represent overconsolidated (OC)
soils with OCR > 1.

Based on a study of 171 different laboratory-tested soils, Mayne and Kulhawy (1)
showed that a general equation can be used to model stress paths OB-BD-DE, as given

below:

OCR OCR
Ko = Kone [ 7 + me(l - 5]
OCRmax max

(3-3)

in which Kgpe = Ko during virgin (normally consolidated) loading, a = at-rest
unload coefficient, m, = reload coefficient, OCR = current overconsolidation ratio,

and OCRpay = maximum past OCR (e.g., point D for a soll currently at point E).

For virgin loading, the simplified Jidky equation (2) provides reasonable estimates

for Kope, as given below:

Kone = 1 - sin ¢¢c (3-4)
in which ¢¢. = effective stress friction angle for triaxial compression. Figure
3-3 shows this equation to be a reasonable estimate for a wide range of soils. 1In
this figure, Kop. was determined from oedometer or triaxial tests.

During rebound or unloading, the general relationship for K, is often expressed as:

Ko = Kope OCR® (3-5)
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Source: Mayne and Kulhawy (1), p. 862.

As suggested by Schmidt (3), the exponent a may be expressed as a function of Btc:

e = sin $ro (3-6)
Alternatively, the exponent may be expressed as:

a=1 - Kope (3-7
which also appears reasonable, as shown in Figure 3-4. For reloading, the stress
path from D to E in Figure 3-2 may be approximated as a straight line with slope m,
= 00ho/30yo. Review of laboratory data from 35 soils (Figure 3-5) indicates that
the reload coefficient can be estimated adequately from:

my = 0.75(1 - sin $pe) (3-8)

Linear regressions on these data for my give 0.76 Kope (r2 = 0.583 and S.D. = 0.06)
and 0.77(1 - sin ¢¢o) with r2 = 0.534 and S.D. = 0.06.
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Combining the above relationships gives:
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in which OCRy,x is the OCR at point D in Figure 3-2. For primary unloading, OCR =

OCRpax and therefore:

Ko = (1 - sin pre) OCRSI® #te _ g (3-10)
For virgin loading, OCR = 1 and therefore:

Ko = 1 - sin é¢e = Kope (3-11)

Most natural soils have undergone a stress history of loading-unloading-reloading,
and therefore K, is likely to be within points C and E in Figure 3-2. Therefore,
Ko at point E 1s an appropriate lower bound for the in-situ K,. All that is needed
is ¢ge, OCR, and OCRpyx, which can be evaluated by direct laboratory measurements,
geologic generalization of the soil stress history, or experimental test programs
in-situ to establish the values. It should be noted that, if an NC assumption is

made (Equation 3-11), it will underestimate K, in the majority of soil deposits.

One last point to mention regarding Figure 3-2 is that the soil can reach passive
failure during primary unloading if the vertical effective stress is reduced suffi-
ciently. This limit state can be developed from Equations 3-1 and 3-10 and is
given by:
LT .3 .= 1/sin ¢
OCR1imit = [(1 + sin 4pgc)/(1 - sin $¢psc) (1 - sin ¢tc)]( / bte) (3-12)
As shown in Section 4, zpsc =1.1 atc- If this limit state is reached, soil fail-

ure occurs, and the stresses change. It is uncertain what this stress state may

be, although K, might approach 1.

EFFECTIVE PRECONSOLIDATION STRESS IN COHESIVE SOILS

Cohesive soils consolidate and stiffen during overconsolidation and effectively
retain a "memory" of the largest preconsolidation stress (Ep) to which they have
been subjected (e.g., point B in Figure 3-2). This process was illustrated quali-
tatively in Figure 2-1 as a function of the water content and Atterberg limits.
Therefore, these index parameters represent a starting point for estimating Op-

Correlations with in-situ test results follow the index parameter correlatioms.



Details on the in-situ test strength parameters are given in Section 4.

Correlations with Index Parameters

The effective preconsolidation stress (Ep) has been correlated with the liquidity
index by several authors. A recent analysis of laboratory consolidation test data
by Stas and Kulhawy (5) suggested the following:

op/Pa = 10(1.11 - 1.62 1I) (3-13)
in which p, = atmospheric stress in the desired stress units and LI = liquidity
index. This equation is based on 150 data points for clays with a sensitivity

between 1 and 10. This relationship has a standard deviation of 0.33 and r2 equal

to 0.740.

Other generalized relationships are shown in Figure 3-6, which gives the precon-

solidation stress as a function of liquidity index (LI) and sensitivity (S¢).

For comparison purposes to evaluate the soil stress history, the effective vertical
stress (Gyo) 1s needed. This stress can be evaluated directly as in Figure 3-1, or
it can be estimated from the liquidity index. Based on the modified Cam clay model

and empirical observations, Wood (7) developed the following approximation for Gy,:

Byvo/Pa = 0.063+102(1-LI) (3-14)
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Figure 3-6. Generalized op - Liquidity Index - Sensitivity Relationships

Source: NAVFAC (6), p. 7.1-142.
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Although this equation strictly applies only to insensitive soils at the critical

state, it 1s a useful approximation for uncemented, low sensitivity soils.

Comments on Field Test Correlations

1t should be noted that the following figures correlating gp with field test meas-
urements are presented all in similar form, on log-log plots because of the range
in the parameters involved. These figures were developed from the sources noted,
and the symbols used correspond to the clay types referenced in the source papers.
For each figure, the number of intact and fissured clays is noted, the fissured
clays are located separately because their behavior is different, and a linear
regression equation is presented for the intact clays only. The regression was
done assuming a linear, arithmetic relationship through the origin. The statistics
given with each regression include the number of data points (n), coefficient of
determination (r2), and the standard deviation of Ep (5§.D.) for a given field test
measurement. The given relationships should be used only as predictors for &

P

Correlations with VST Strength

The field vane shear test (VST) has been used for many years as an estimator of

p. 1In 1957, Hansbo (8) developed the following equation for Swedish clays:
?J'p = aygT Su(VST) ) (3-15)

in which aygt is an empirical factor approximately equal to 222 fwy,, with wy, =

liquid 1limit (in percent).
A more recent compilation of worldwide clays, shown in Figure 3-7, indicated the
general nature of Equation 3-15. This study further showed that aygT could be

correlated weakly with the plasticity index (PI), as shown in Figure 3-8.

Correlations with SPT N Value

The standard penetration test (SPT) N value may be used to provide a first-order
estimate of 9p for cohesive soils. Figure 3-9 shows the available data for 51
clays. The regression shows a fair correlation with a relatively large standard

deviation.
It should be noted that the reported N values have not been corrected for the fac-

tors which significantly affect the SPT N value. Until the N values are corrected

to a consistent standard, the SPT is likely to be of limited use in evaluating op -

3-8
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Correlations with CPT q. Value

The cone penetration test (GPT) tip resistance, q., has been used effectively to
profile the preconsolidation stress in clays. Figure 3-10 presents the available
data from 49 clays. This correlation is somewhat better than with the N value, and
the standard deviation is smaller. This correlation also shows more clearly that
the fissured clays behave differently from the intact clays. However, it is impor-
tant to note that the data in Figure 3-10 are not corrected for pore water stress

effects.

Correlations with CPTU Results

The piezocone (CPTU) provides additional data during penetration and generally is
considered to be a more sensitive type of cone penetration test. Tavenas and
Leroueil (20) demonstrated that the preconsolidation stress (Ep) was well-corre-
lated with the net corrected cone tip resistance (qp - 0yo) for eleven Canadian
clays. A larger sample of piezocone data is shown in Figure 3-11. The regression

in this case gave an even higher r2 with lower standard deviation.

In addition to measurements of cone tip resistance, piezocones provide the
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magnitude of pore water stress (Au) caused by penetration. A relationship between
Ep and Aur from CPTU tests with tip or face pore water stress measurements is shown
in Figure 3-12. For pore water stress measurements behind the tip, the relation-
ship is given in Figure 3-13. The results are similar for the intact clays. How-
ever, for piezocones in heavily overconsolidated fissured clays, pore water
stresses measured behind the tip are near zero and sometimes are even negative. On
the cone tip, positive pore water stresses are observed for all clays at all OCR

values, regardless of whether fissuring is present.

From cavity expansion theory, the general relationship between op and the excess

pore water stress measured at the tip during piezocone penetration can be given by
the following (23):

c‘rp/Au =3/(M 1n I.) (3-16)
in which M = critical state parameter (Appendix G) and Iy = rigidity index (G/sy) .

For measurements behind the tip, the coefficient 3 becomes equal to 4. This equa-

tion gives values consistent with those in Figures 3-12 and 3-13 for the intact
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clays.

Correlations with PMT Results

Several correlations have been attempted with the pressuremeter test (PMT) to esti-
mate the value of Tp - Early work with the Menard pressuremeter indicated that the
PMT creep pressure was approximately equal to 9p for Chicago area lake clays (24).
Later work showed that the limit stress from the self-boring pressuremeter test
(SBPMT) could be correlated with Ep, as shown in Figure 3-14. Other studies have
shown the correlations given in Figure 3-15, including the undrained shear strength

(sy) and the rigidity index (Iy).

Correlations with DMT Results

The initial contact stress (py) from the dilatometer test (DMT) 1s a measure of the
induced total pore water stress caused by insertion of the DMT blade. Analogous to
the previous relationship between 7 and Au for piezocone tests, a similar rela-

tionship applies for the DMT between 9p and (p, - 4y), as shown in Figure 3-16.
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EFFECTIVE PRECONSOLIDATION STRESS IN COHESIONLESS SOILS

Cohesionless soils also consolidate and stiffen during overconsolidation and retain
a "memory" of the preconsolidation stress. However, cochesionless soils are diffi-
cult to sample and test in the laboratory in the undisturbed state, and therefore
little correlation information is available to estimate the preconsolidation stress
in these soils. More work has focused on evaluating OCR and Ko directly, as

described later.

OVERCONSOLIDATION RATIO FOR COHESIVE SOILS

In lieu of describing soil stress history by the preconsolidation stress (dp), the
in-situ overconsolidation ratio (OCR) may be estimated directly using normalized
parameters developed from laboratory or field test measurements. These correla-
tions strictly apply only to insensitive clays. Furthermore, the same comments

made previously on field test correlations with respect to gp also apply to the OCR
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correlations.

Correlations with Index Parameters

Equation 3-13 can be re-cast in terms of OCR as follows:

As noted previously, this relationship is based on statistical analysis of labora-

tory consolidation test data on clays with sensitivity from 1 to 10.

Based on the modified Cam clay model and empirical observations, Wood (7) developed

Equation 3-14 to correlate gy, with LI. He also developed the following:

log OCR =~ [2 - 2 LI - log (15.87 Byo/pa)l/A (3-18)
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in which A = critical state parameter (Appendix G). Using a typical value of A =
0.8, and combining Equations 3-14 and 3-18, results in the following:

R = 10l1 - 2.5 LI - 1.25 log (3yo/Pa)]

(3-19)
Although this equation strictly applies only to insensitive soils at the critical
state, it is a useful approximation for uncemented, low sensitivity soils, as noted

previously.

Correlations with Laboratory Strength

Laboratory undrained shear strength (s,) data may be used to estimate the in-situ
OCR of clays. Using empirical observations from isotropically and anisotropically

consolidated triaxial compression tests, Mayne (28) observed the following for OCR:
OCReTyC = [(5u/Gvo)/0.75 sin o 11-43 (3-20)

OCRGAUC = [(Su/Fvo)/0.67 sin ¢eo11-28 (3-21)



These results are consistent with the modified Cam clay model, which would predict

the following:
OCR = 2[(5y/Gvo)/0.5 M]-L/A (3-22)

Correlations with VST Strength

The undrained strength from the field vane shear test (VST) may be related to the

in-situ OCR according to:

OCR = aysT (Su/Ovo)VST (3-23)

in which aygt has been shown in Figure 3-8 to be related weakly to plasticity index

(PI). Figure 3-17 shows a direct relationship between OCR and sy/Gyo for 96 clays.

Correlations with SPT N Value

Attempts have been made to correlate the SPT N value with OCR. Figure 3-18 1is typ-
ical of these correlations, using uncorrected N values. This relationship is only

a first-order estimator.
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Correlations with CPT and CPTU Results

A number of authors (e.g., 13, 29) have demonstrated that OCR correlates with the
CPT qc value through the normalized cone tip resistance, (qe - 0Oyo)/3ve. However,
qc also should be corrected for pore water stresses acting on unequal areas of the
cone. Figure 3-19 shows the variation of OCR with the corrected cone tip resis-

tance, qr, as obtained from piezocones.

Other piezocone studies (31) suggested a general trend with Bq (Equation 2-4) and
OCR that was strongly dependent on the rigidity index. However, Bq is so site-
dependent that the relationship was of little predictive use. More recent work
(32) considered a combined critical state/cavity expansion model to correlate OCR
with piezocone results. However, at the present time, the relationship given in

Figure 3-19 probably is most appropriate to use.

Correlations with DMT Results

In the initial introduction of the dilatometer test, Marchetti (33) proposed the

correlation in Figure 3-20 between OCR and the DMT parameter Ky, given by:
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OCR = (0.5 Kp)1.36 (3-24)

in which Kp = horizontal stress index = (py - Up)/Oyo. Po = Initial contact stress,
uy = hydrostatic pore water stress, and gy, = effective vertical stress. Subse-

quent research with the DMT in other countries suggests a more general expression:
OCR = (B, Kp)l-6 (3-25)

in which the parameter B, depends upon the degree of fissuring, sensitivity, and

geologic origin, as shown in Figure 3-21.

OVERCONSOLIDATION RATIO IN COHESIONLESS SOILS

It is difficult to estimate the in-situ OCR of natural sand deposits. The best
approach is through a detailed geologic study to evaluate the stress history of the
formation. Indirectly, oedometer tests on interbedded clay strata or seams may
give clues to the in-situ OCR of the surrounding sands. With the DMT, a value of

OCR in sands can be back-calculated from the estimated K, as (Bullock, 36):
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OCR = [Ko/(1 - sin yo)] 1 25/510 dee) (3-26)

which is a form of Equation 3-10 that has been rearranged and modified to fit the

results of laboratory calibration chamber tests on sands.

EFFECTIVE HORIZONTAL STRESS IN COHESIVE SOILS

As noted previously, soils retain a "memory" of precomsolidation. With vertical
stresses, this memory is reflected by the preconsolidation stress (ap) which, in OC
soils, is greater than the effective overburden stress (Gy,). In the horizontal
direction, the process is somewhat different, because the soil can not unload as
freely as it can in the vertical direction. The result is that the retained memoxy
of the maximum horizontal effective stress is less clear. If the soil is young and
has experienced only a relatively simple stress history, then the procedures
described earlier under "Reconstruction of Stress History" can be used to evaluate

the horizontal effective stress in terms of K,, defined as &po/6yo. For older
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soils or soils with more complex stress history, the reconstruction process can be
more difficult. By default in these cases, it may be necessary to assume only pri-
mary unloading, as shown in Figure 3-2. T