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SYNOPSIS

A reliable assessment of the stress-strain-time and strength characteristics of

natural soil deposits by means of experimental techniques represents the most challenging task of
any rational geotechnical analysis and design. Within this context the writers have selected a few
relevant topics for detailed discussion. In Chapter 2, laboratory testing, they include: stress hi-

story, yielding, normalizatijon, anisotropy,
cohesive soils,
advances in the
situ horizontal
Finally Chapter

crocomputers in geotechnical experimentation.

1, INTRODUCTION

1.1. OBJECT AND SCOPE

To judge from this title, the present theme
lecture has been assigned a very wide spectrumof
topics which are best included under the heading
of Experimental Soil Engineering. The aim of this
branch of Geotechnical Engineering is to obtain --
through experiments performed both in the field
and the laboratory -- the following basic design
information:

1. Detailed and representative soil profiles,in-
cluding the description of ground water condi-
tions and soil index properties.

2. Assessment of the initial state of stress exi-
sting in the ground and the stress history of
the soil prior to any construction activity.

3. Determination of the stress-strain-time and
strength characteristics of the encountered soil
layers.

The first two points include the initial physical
and geometrical conditions of the foundation
soils, and it is convenient to group them under a
common heading called Initial State Variables (ISV).
All the above design information may be obtained
by means of a properly planned and executed explo
ration programme, the scope of which should be
related to the complexity of the local geology
and the structure to be built.

Successful exploration programmes are generally
run in stages. The later and most conclusive sta-
ges are linked to the soil model which one intends
to use in the design analyses through an appro-
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influence of the intermediate principal stress, and for
time effect in oedometer testing. In Chapter 3 the discussion focuses on recent

use of in situ techniques in: soil profiling and identification, assessment of in
stress, stress history, deformation,flow and consolidation characteristics of soil deposits.
4 is devoted to some general aspects of the use of data acquisition systems and mi-

priate determination cf stress-strain-time-strength
characteristics.

1.2. EXPERIMENTAL SOIL MECHANICS

The methods of ESE"used in geotechnical explora-
tion may broadly be grouped as follows:

1. Laboratory testing, including physical models
[Ladd et al. (1977), Saada and Townsend (1981},
Schofield (1980)].

2. In Situ testing [Ladd et al. (1977),
Mitchell et al. (1978), Mori (1981),
Wwroth (1984)].

3. Monitoring the field behaviour of full-scale
prototypes and/or existing structures by means
of Geotechnical Instrumentation which, when pro
perly back-analyzed, enables in many cases the
assessment of the pertinent stress-strain-time
and strength characteristics of the soil |Di Bia
gio (1975), Dunnicliff (1982), Hanna (1985)].

Obviously, the number of investigation tools and
apparatus belonging to each of the above three
groups is almost infinite; a complete review of
them is hardly feasible and will not be attempted
in the present paper. The intention of the writers
is rather to examine in detail a few topics se-
lected on the basis of the following conside-
rations:

1. Priority is given to topics in which the need
for research has recently been recognized by the
geotechnical community [ RNESE (1983), Site Cha-
racterization and Exploration (1978)].

2. Recently developed innovative exploration and
interpretation methods receive due consideration.

3, Finally, the discussion should be within the
context of current research activities at the
universities to which the writers belong.
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Discussion of these topics will be made after a

brief examination of the following aspects:

- levels of soil behaviour investigations,

- categories of soil models in relation to expe-
riments, and

- laboratory tests versus in situ tests and
field measurements.

In the writer's opinion, these aspects are clo-
sely interrelated and a proper vision of them is
necessary for any soil mechanics experiment to
be scientifically valid.

1.3.

Generally speaking, the behaviour of soils canbe
studied at three different levels: micro, macro
and mega [bafalias and lLade in RNESE (1983)],
where:

LEVELS OF SOIL BEHAVIOUR INVESTIGATIONS

1. The micro-level is the level at which the in-
teraction between single soil particles and clu
sters of particles are investigated and laws
are established which relate the evolution of
soil structure and micro-fabric to changes of
the imposed stresses and strains in the soil
mass [see for example Oda (1972), Cundall et
al. (T982), Nemat Nasser (1982), etc.].

2. The macro-level is the level at which quanti-
ties such as stress and strain are usually defi
ned and measured by so-called single element la
boratory tests like triaxial, plane strain or
simple shear tests. At this level, one also for
mulates constitutive equations for the soil
[see for example Roscoe and Burland (1968),
Schofield and Wroth (1968), Lade (1977), Prevost
(1980), Dafalias and Herrmann (1980) and many
others].

3. The mega-level refers to an entire geotechni-
cal structure, including the surrounding soil
mass, the behaviour of which may be analyzed by
solving the boundary value problem using macro-
constitutive equations. A typical example of a
soil mass mega-element study is the back-analy
sis of a case history.

The classification of in situ tests within the
scope of these three levels is not straightfor-
ward. As far as methods for in situ test inter-
pretation are concerned, they should be assigned
to the mega-level since they represent boundary
value problems. However, the question of the vo-
lume of the soil to be investigated falls between
the macro and the mega levels.

1.4. ANALYTICAL PROCEDURES AND SOIL MODELS

The analysis of geotechnical problems usually re-
quires the choice of an appropriate computational
method which is strictly linked to the adopted
soil constitutive model. The model, in turn, is
related to a specific set of soil parameters to
be determined through an appropriate exploration
programme. This means that there must be a direct
connection between the method of analysis which
the designer intends to use and the type and
extent of the proposed soil exploration.
Following the RNESE (1983), the presently availa-
ble analytical methods may be grouped as shown in
Table I.

1.5.

Conventional exploration programmes make use of
both in situ and laboratory measurements for the
determination of soil properties, the latter
being based on the testing of so-called undistur
bed samples obtained from borings and exploration
pits. It is quite common to find that geotechnical
engineers declare themselves in favour of one of
these basic exploration methods, without conside-
ring that the suitability of one approach or the
other is strictly linked to the aims of the explo
ration and the method of analysis which is inten-
ded to be used in the design. In fact, both me-
thods of soil investigation have their inherent
merits and disadvantages which are briefly summa-
rized here:

LABORATORY VERSUS FIELD MEASUREMENTS

LABORATORY TESTS

1. Advantages:

- Well-defined boundary conditions.

- Strictly controlled drainage conditions.

- Preselected and well-defined stress paths are
followed during the tests.

- In principle, uniform strain fields (this as-

sumption is acceptable for small strain levels

only and soils which do not exhibit strain-

softening behaviour) are imposed on the speci-

mens, which allows the application of continuum

mechanics theories to the interpretation of test

results.

Soil nature and physical features are positive-

ly identified.

2. Limitations:

- In cohesive soils, the effects of unavoidable
sample disturbance in even so-called "high qua-
lity” undisturbed samples are sometimes diffi-
cult to assess.

TABLE 1
Categories of Analytical Methods for Soil Studies
Category Main Features of Models Determination of Soil Parameters

I Very advanced models using nonlinear Only from sophisticated laboratory tests,
elastic plastic time dependent laws which | with the exception of the ISV which must be
possibly incorporate anisotropic behaviour| obtained from in situ tests

II Advanced models using constitutive incre- | Laboratory tests which are only a little more
mental elasto-plastic laws and nonlinear sophisticated than conventional tests. In situl
elastic relationships tests are also appropriate, particularly as

far as the ISV are concerned

III Simple continuum, such as isotropic ela- Conventional laboratory and in situ tests
stic continuum, including layering and
empirical models
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- In cohesionless soils, undisturbed sampling is
still an unsolved problem in everyday practice.

- The small volume of laboratory specimens [Rowe
(1972)] cannot incorporate the frequently pre-
sent macrofabric and inhomogeneities of natu-
ral soil deposits. This leads to doubts as to
what extent the field behaviour of a large soil
mass can be successfully modelled by small sca
le laboratory tests.

- The factors causing the formation of shear pla
nes during the testing of laboratory specimens
are still very poorly understood. Shear planes
are frequently associated with such phenomena
as induced shear stresses, soil volume changes,
nonuniformity of laboratory specimens and con-
sequent nonuniform strain distributions, boun-
dary and kinematic constraints, and stress con
centrations imposed by the laboratory appara-
tus [RNESE (1983)]. It must be emphasized that
once a shear plane has developed in a laborato
ry specimen, deformations are concentrated

along this plane and displacements and stresses

measured at the specimen boundaries are conse-
guently no longer a function of the stress-
strain behaviour of the tested material.

- In principle, the discontinuous nature of in-
formation obtained from laboratory tests may
lead to erroneous modelling of the behaviour
of a large soil mass.

- In general terms, soil explorations based on
the laboratory testing of soil samples from
borings are likely to be more expensive and
time-consuming than explorations which make use
of in-situ testing techniques.

A special kind of laboratory test is represented
by centrifuge models. Well-established scaling
laws make it possible to obtain reasonable simi-
lirities between test model and prototype
structure [Rowe (1975), Schofield (1980, 1983),

Scott (1983)7]. Centrifuge models are particularly

useful in studying the behaviour of complex geo-
technical structures where the mode of deforma-
tion and near-failure kinematics are unknown.
Through appropriate parametric studies, centri-
fuge testing permits the verification of exi-
sting computation methods and the improvement of
numerical models where geometry and loading con-
ditions are complex.

No further attention will be devoted to this im-
portant and extremely promising physical model-
ling technique, since the present conference pro
vides for a special discussion session on centri
fuge testing.

IN SITU TESTS
1. Advantages:

- A larger volume of soil is tested than is usual
ly done in most laboratory tests; hence in situ

tests should in principle reflect more accura-
tely the influence of the macrofabric on the
measured soil characteristics.

- Many devices currently in use produce a conti-
nuous record of the soil profile which allows
the soil macrofabric and layer boundaries to
be determined.

- In situ tests can be carried out in soil depo-
sits in which undisturbed sampling is still
impossible or unreliable. Examples include co-
hesionless soils, soils with highly-developed
macrofabrics, intensively layered and/or
heterogeneous soils, and highly fissured clays.

- The soils are tested in their natural environ-
ment which may not be preserved in laboratory

tests. For example, the most successful attempts

to measure the existing initial total in situ
horizontal stress are the recent developments
in situ techniques, e.g., self-boring pressure
meter (SBP), flat dilatometer (DMT), Iowa -
stepped blade (ISB), spade-like total stress
cells (TSC).

- In general terms, soil exploration by means of
in situ techniques is more economical and less
time consuming than investigations based on la
boratory tests. -

2. Limitations:

- Boundary conditions in terms of stresses and/or
strains are, with the possible exception of the
self-boring pressuremeter (SBP), poorly defined,
and a rational interpretation of in situ tests
is very difficult.

- Drainage conditions during the tests are gene-
rally unknown and make it uncertain if the de-
rived soil characteristics reflect undrained,
drained or partially drained behaviour. In this
respect, guasistatic cone penetration tests
with pore pressure measurements (CPTU) and SBP
tests (also with pore pressure measurements),
when properly programmed, help to minimize the
problem.

- The degree of disturbance caused by advancing
the device in the ground and its influence on
the test results is generally (with the possible
exception of the SBP) large but of unknown ma-
gnitude.

- Modes of deformation and failure imposed on the
surrounding soil are generally different from
those of civil engineering structures; further-
more, they are frequently not well established,
as for example in the field vane (FV) test.

- The strain fields are nonuniform and strain ra-
tes are higher than those applied in laboratory
tests or those which are anticipated in the
foundation on structure.

- With the exception of the Standard Penetration
Test (SPT), the nature of the tested soil is
not directly identified by in situ tests.

The limitations of in situ tests lead to a situa-
tion in which almost all present interpretation
techniques are empirical, with the exception of
the methods for the SBP test.

BACK-ANALYSES OF FULL SCALE PROTOTYPES

In the last two decades, the rapid growth of geo
technical instrumentation and its widespread ap-
plication has made available a number of well-do-
cumented case records of the field behaviour be-
fore and at failure of a wide variety of geo-
technical construction and full scale prototypes.
The importance of the publication of well-documen
ted case records led the University of Missouri-
Rolla in 1984 to organize a special conference in
St. Louis on Case Histories In Geotechnical Engi-
neering. An analysis of the more than 150 papers
presented to that conference confirms that mea-
sured field performance data are used in the two
ways postulated by Lambe (1973):

1. As controlled boundary value problems, to ve-
rify a specific constitutive soil model and the
related computation procedure. In this case, all
input parameters are determined from appropriate
laboratory tests which are supposed to represent
the stress-strain-time behaviour and strength
characteristics of the soils underneath the
structure being monitored.

2. As a set of experimental data such as pore
pressures, vertical and horizontal displacements,
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vertical strains, etc. which make it possible,
within the frame of the adopted model of soil
behaviour, to assess the relevant soil parame-
ters.

Of these two approaches, only the second one is
pertinent to the scope of the present theme
lecture.

The writers have no doubt that since the publi-
cation of the classic works by Terzaghi (1950),
Skempton and Brown (1961), Skempton and La Ro-
chelle (1965), Peck (1969), Bjerrum (1972), Lam-
be (1973), this is the procedure which, in prin-
ciple, leads to the most reliable assessment of
geotechnical design parameters (if compared only
to what may be obtained from the results of labo
ratory and in situ tests).

However, as often happens in practice, the self-
evident may not be sufficient and reliable soil
parameters may not be guaranteed by a back-analy
ses of field records alone. In fact, this type
of procedure often requires many simplifying as-
sumptions which present the designer with fre-
quent pitfalls, as has been illustrated by Le-
roueil and Tavenas (1981). Generally involved

is one or more of the following:

1. Soil constitutive model and related computatio
nal procedure.

2. Drainage conditions and boundaries.

3. Initial state variables of the considered pro-
blem, including soil stratigraphy, ground water
conditions, initial stress state and stress hi-
story of the soil deposit, etc.

4. Auxiliary soil characteristics which frequen-
tly must be introduced in a back-analysis. This
means that the examined problem is controlled
by a larger number of parameters than the ana-
lysis itself can yield.

The sensitivity of back-analyzed soil characteri
stics is not always evaluated with respect to a
given set of assumptions.In addition, the desi-
gner must fully understand that a substantial
difference exists between soil parameters deri-
ved from a back-analysis of field data which re-
flects the performance of a single point (e.g.
stress, strain, pore pressure, etc.) and those
obtained from the analysis of average foundation
conditions (e.g. load-displacement curves, etc.).
It must be borne inmind that only the former
type of back-analyses of existing case records
enables us to obtain soil parameters which may be
directly compared to the ones inferred from labo-
ratory and in situ tests.

The above brief summary of the limitations and
advantages of the three basic methods of ESE
clearly indicates that their capability for a po
sitive and comprehensive identification of the
engineering properties of foundation soils is
complementary. To support this statement, the
current capabilities of the three methods are
described in Tables II through IV.

1.6. SUMMARY AND SELECTED TOPICS

1. Only laboratory tests make it possible to in-
vestigate such complex features of soil beha-
viour as initial and evolving anisotropy of
both strength and deformability, the effects of
stress and/or strain reversal, time effects,
the influence of intermediate principal stress,
etc. Therefore, only those tests which examine
the soil at a macrolevel allow the determination
of parameters which characterize realistic con-
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stitutive soil models.

2. The role of in situ tests in experimental soil
mechanics consists mainly in the assessment of:
- Initial state variables and particularly de-

tailed soil profiles, but also the in situ i-
nitial lateral stress, Opg; in this respect,
the limitations of laboratory tests are parti
cularly pronounced.

- Drained and undrained soil stiffness, especial
ly at small and moderate strain levels. The
determination of this parameter in the labora-
tory is an almost impossible task for cohesion
less soils and often of questionable reliabili
ty for cohesive materials due to the well
known sensitivity of these parameters to even
small sample disturbance.

- Flow and consolidation properties, especially
in cohesionless deposits and cohesive soils
with a well-developed macro-fabric. The unre-
liability of laboratory tests in these condi-
tions is widely recognized.

3. The monitoring of the field behaviour of con-
struction and full-scale prototypes makes it
possible, if properly planned, controlled and
analyzed to verify constitutive soil models and
related analytical and numerical methods, and
to assess, at a megalevel, relevant soil cha-
racteristics like strength and deformability,
by by-passing most of the limitations inherent
in laboratory and in situ tests.

4. In all circumstances, the three methods of ESE
mentioned above are complementary, and the rela-
tive importance of each is strictly linked to lo
cal geology, the type of construction, and the
menthod of analysis which one intends to adopt
in a specific design.

In relation to the above and taking account of
the priority research needs in ESE as identified
during the USA NSF Workshop on Research Needs in
Experimental Soil Engineering (1983), the fol-
lowing topics have been selected for coverage
herein:

Laboratory Testing

1. Preconsolidation pressure, yielding and nor-
malization.

2. Assessment of sample disturbance and proce-
dures to minimize its effects.

3. Strength deformation characteristics under
generalized states of stress.

4., Time effects.

In Situ Testing

1. The assessment of the initial statevariables,
with particular reference to the initial in
situ lateral stress and soil profiling.

2. The evaluation of soil stiffness with parti-
cular reference to deformability parameters
under drained conditions.

3. A critical review of in situ methods used
for the evaluation of flow and consolidation
characteristics.

Instrumentation

Due to the already wide spectrum of topics of this
theme lecture and due to the obvious space limita-
tions, the writers have decided not to cover in
detail topics related to geotechnical instrumenta
tion, with the exception of data acquisition sy-
stems and micromputer applications in geotechni-



Present Laboratory Cap

TABLE 11
abilities for Soil Modelling

soil Behaviour-Parameter

Equipment and/or Procedures

Comments - Remarks

1. In situ Ko

1. Kg vs. OCR TX and OED tests,
latter with allowance for la-
teral stress measurements

1.1.a. Restricted to cohesive soils

1.1.b. Applicable only to mechanical overconsolidation assuming
normalized behaviour

2, In situ vertical ef-
fective yleld stress
g’

P

2. Mainly OED tests

2.1.a. Requires good quality cohesive undisturbed samples

2.1.b. Very difficult to distinguish among different overconsolidation
mechanisms

3. Influence of interme-
diate principal stress
o2 on strength and
stiffness

3.1. True TX tests with rigid,
flexible and mixed boundaries

3.2. TSHC with different in-
ternal py and external pg
pressures

3.1. Quite extensive data for sands yielding conflicting results for
high b=(g3-03)/(0y-03) values

3.2. Rather limited data for clays

4, Initial anisotropy
with respect to peak
strength and stiffness

4.1. TX or PS tests on in-
clined specimens

4.2. True TX tests
4.3. TSHC
4.4. DSC

4.1. Questionable validity

4.2. Limited to 6=90° rotation of principal stresses at failure

4.3.a. "Proven” for CU and CD tests on sands and CU tests on clays
4.3.b.
4.4.a.

Can explore full range of 0° < § < 90° (in theory)
Can explore full range of § with plane strain conditions

4.4.b. "Proven" for sands and OC clays; further development needed for
NC clays
4.4.c. Limited to low shear stress levels

S. Evolving anisotropy
and effect of large
stress reversal

.1. True TX tests
2. TSHC tests
DsC

5.1. Limited to 6=90° rotation of principal stresses at failure

5.2. Excellent theoretical potential

5.3.a. Fairly versatile within the limits of plane strain conditions
5.3.b. Extensive data for induced anisotropy in sands available

6.1. OED and almost all TX,
PS, DSS, true TX and TSHC
tests can investigate time
effects

6. Time effects (creep
and strain rate)

6.1.a. Experimental problems due to membrane leakage, friction on
the specimens boundaries and temperature fluctuations

6.1.b. Lack of experimental data for varying stress conditions

7. Influence of confining
stress level on peak
strength and stiffness

7.1. Few practical limita-
tions with conventional
laboratory equipment (TX,
PS, DSS, TRC, TSHC).
Restrictions arise for de-
vices like DSC

7.1.a. Important for dense sands, stiff clays and cemented soils

7.1.b. There is a limitation in the DSC: the applied shear stress
cannot exceed 50 kPa.

8. Small-strain (y<10-3%) |8.1. TRC, TSHC tests 8.1.a. "Proven" for clays and laboratory reconstituted sands; limited

shear modulus and inter- data available for undisturbed sand

nal soll damping 8.1.b. In clays the results are very sensitive to even small sample
disturbance

8.1.c. Majority
solidated specimens

of the available data obtained on isotropically con-

8.1.d. Very little known about influence of initial anisotropy and
0z on measured G
SYMBOLS :
cé = Maximum past vertical effective stress OCR = Overconsolidation ratio
OED = Oedometer apparatus TX = Triaxial apparatus
USS = Direct simple shear apparatus TSHC = Torsional shear hollow cylinder apparatus
TRC = Torsional resonant column apparatus DSC = Directional shear cell
PS = Plane strain apparatus cu = Consolidated undrained
cD = Consolidated drained K, = Coefficient of earth pressure at rest

cal engineering (Chapter 4). The writers believe
that most readers will realize the relevance of

proper design, selection, calibration, installa-
tion and interpretation of geotechnical instru-

mentation.

2. LABORATORY TESTING

2.1. INTRODUCTION

In this section the writers' focus is on equip-
ment and procedures for testing cohesive soils
because most practical problems involving clays

at least some design parameters
testing.

usually require
from laboratory
In planning any laboratory program, it should be
recognized that the in situ undrained and drained
behaviour of a clay is largely controlled by the
magnitude of the applied stresses in relation to
the "yield envelope" for the soil. Section 2.2.
discusses the practical aspects of this concept,
especially regarding the influence of stress hi-
story and clay sensitivity. Section 2.3. deals
with procedures for assessing and minimizing
sample disturbance in cohesive soils. The topic
of the measurement and influence of stress-strain-
strength anisotropy is treated in Section 2.4. The
final section discusses "time effects" during
consolidation.
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TABLE I11

Present In Situ Capabilities for Soil Modelling

Soil Behaviour-Parameter

Equipment and/or Procedures

Comments - Remarks

1. Soil profiling and
identification

1.1. CPTD
1.2, CPT
1.3. DMT

1.4. Acoustic cone

1.5. Electric conductivity
probe

1.1.a. Simultaneous measurement of qc and upax during penetration has
great potential for soil profiling and identification

1.1.b. Essentially rigid and extremely well deaired system with a very
quick response for reliable up,, measurements

1.1.c. Correction of qc and fg for unequal end areas effects

1.2.a. Good for soil profiling but less sensitive to strata changes in

comparison to CPTU

1.2.b. Friction ratio fg/qc a poor soil type identifier in especially
sensitive clays.

1.2.c. Potential may be increased by improving resolution of gc measure-
ments and more reliable and repeatable fg measurements

1.3.a. Ip a sensitive soil identifier but, since performed discontinuo-
sly, generally every 20 cm, less sensitive to strata changes

1.4.a. Mainly for soil profiling and identification; needs further
field and laboratory validation

1.5.a. Measures nondimensional electrical “"formation factor” which
reflects sand structure, hence its anisotropy, particle shape, void
ratio, and cementation; may be relevant for liquefaction studies

1.5.b. Needs further validation, especially in the field.

2. In situ O hence Ko

o

2.1. SBP (measures cho)

2.2. DMT (assesses Ko)
2.3. ISB (assesses aho)

2.4. Spade-like TSC
(measures cho)

2.5. Hydraulic fracturing,
(assesses op4)

2.1.a.
stiff

2.1.b.
blems

2.2.a. Based on empirical correlations; promising, but requires
further research to assess rellability

"Proven® to be successful in soft clays; less experience in
clays; poor experience in sands

Greatest potential among in situ methods but still some pro-
with equipment compliance and probe insertion procedures

2.3.a. New device; requires further intensive laboratory and in situ
validation

2.4.a. Limited positive experience only in soft to stiff clays; success-
ful use in other soils unlikely

2.4.b. In stiff clay overestimates op,; requires correction for
bedding error

2.4.c.
2.5.a.
2.5.b.

Vertical installation essential
Applicable only to cohesive soils having Ko < 1
Interpretation uncertain.

3. In situ vertical
effective yield
stress 0;

3.1. PL and SPL tests

3.2. CPTU

3.%.a.

3.1.b. Possible applications limited to relatively homogeneous cohesion-
less deposits at shallow depths in which tests are performed under
fully drained conditions.

Limited experience for assessment of o'

3.1.c. For SPL the influence of plate shape and disturbance due to its
installation on the load-settlement relationship not well understood

3.2.a. ax~Yo/dc-dyo may be correlated to OCR; in homogeneous cohesive
deposits, reflects OCR changes

3.2.b. Possible applications limited to cohesive deposits; further labo-
ratory and field validation needed

4. Deformability
characteristics

4.1. PL and SPL

4.2, SBP tests

4.3.

DMT

4.4.

CPT

4.5. Shear wave velocity
measurements

4.1.a. Application limited to shallow depths

4.1.b. "Proven" in cohesionless deposits in which can determine average
drained Young stiffness E', within the depth of influence of the plate

4.1.c. In cohesive soils, despite uncertainty about drainage conditions,
it is assumed to yield average undrained Young stiffness Ey

4.1.d. Since E is obtained from load-displacement measurements, an a
priori assumption regarding soil constitutive model is necessary

4.1.e. Very difficult to refer the E obtained from PL and SBL tests to
the behaviour of a soll macro-element, hence to strain or stress
levels

4.2.a. Great potential for direct measurement of shear modulus Gh in
horizontal direction

4.2.b. G describing the "elastic" soil behaviour can be assessed from
small unloading-reloading cycles whose role is to minimize the soil
disturbance due to probe insertion

4.3.a. Through empirical correlations yields values of tangent con-
strained modulus in sands and clays

4.3.b. Presently available correlations have been obtained mainly for
predominantly quartz sands and marine and alluvial clays; further labo-
ratory and field validation in a wider range of soils needed.

4.4.a. Empirical correlations between g. and E of questionable relia-
bility and not generally valid except for NC sand

4.4.b. In any case applicable only to predominantly guartz clean un-
cemented sands in which penetration occurs under fully drained con-
ditions

4.5.a. "Proven" potential to evaluate small strain (y<10_3!) G in
horizontally layered soil deposits

4.5.b. The value of G is calculated after assumption are made con-
cerning the constitutive soil model, the travel path and the soil
mogeneity

ho-
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TABLE III CONT.

Soll Behaviour-Parameter Equipment and/or Procedures Comments - Remarks
5. Flow and 5.1. Borehole 5.1. Outflow tests at constant head preferred; interpretation above
consolidation water level extremely complex
5.2. Large scale pumping 5.2. Very reliable but also very expensive test; accurate well in-
stallation and drawdown measurements with piezometers are required
5.3. Piezometers 5.3. Constant head tests with Au small to avoid fracturing are
preferred; parameters from outflow tests relevant to OC conditions; in-
flow tests appropriate for NC conditions
5.4. Self-boring 5.4. Careful installation required; only outflow tests available, hence
permeameter the derived parameters are relevant to OC conditions
5.5. Holding test 5.5. Careful installation required; difficult interpretation due to non-
(Camkometer) monotonic changes of effective stress
5.6. Plezocone or 5.6. Very economical and great repeatibility; great care required when
plezometer probe performing test and interpretating field measurements
5.7. Back-analysis of full-| 5.7. Uncertainties related to initial excess pore pressure or to final
scale structures consolidation settlement; methods based on consolidation rate need
careful analysis of experimental data
SYMBOLS :
CPTU = Quasi-static cone penetration test with SBP = Self boring pressuremeter
pore pressure measurements PL - Plate loading
CPT = Quasi-static cone penetration test SPL = Screw plate loading
- '
PMT Marqhﬁfti s flat dylatometer %0 and °ﬂo = Respectively, total and effective in situ
1SB = Iowa stepped blade horizontal stresses
TSC = Total stress cell obo = Effective overburden stress
TABLE 1V

Possible Current Contributions of Field Instrumentation to Advanced Soil Modelling

Soil Behaviour-Parameter

Equipment and/or Procedures

Comments - Remarks

1. Operational strength

1.1. Lateral soil deformation
measured below embankments
and in slopes (vertical in-
clinometer tubes) which suf-
fered a bearing capacity
type failure

1.1.a. Detection of location of failure surface; hence shear strength
may be inferred

1.1.b. Probably the most reliable way to assess the average operational
shear strength of slopes and embankments on clays which have failed

1.1.c. A priori assumptions concerning failure kinematics; a constitu-
tive model for the soll is needed

2. Deformability
characteristics

2.1. Measurement of vertical
soil displacement, uz, at
single points, within the
soil mass under loaded area

2.2. Measurement of surface
displacement under loaded
area

2.1.a. With at least two values of u; measured at two elevations in
the same layer, the vertical strain and, consequently, the average E
of the soil between the two points may be assessed

2.1.b. The distribution of the induced total stresses must be assessed,
since an a priori assumption regarding the constitutive behaviour of
the soil is necessary

2.1.c. In order to refer the assessed E to known drainage conditions,
the excess pore pressure in the considered layer should be monitored
2.2.a. Poor precision of derived parameters,hence of limited research value

2.2.b. Yields an average E within the depth of influence of the loaded
area

2.2.c. In order to properly "qualify” the assessed stiffness, the
excess pore pressures and lateral soil displacements below the loaded
area should be known

2.2.d. A priori assumption regarding the solil constitutive model is ne-
cessary

2.2.e. It is almost impossible to link the obtained E to the stress or
strain levels of the representative macro-element of solil

3. Consolidation
characteristics

3.1. Decay of excess pore
pressure with time observed
in plezometers

3.2. Measurement of u; at
single points within soil
mass under loaded area

3.1.a. The coefficient consolidation may be estimated for vertical flow
{cyvy) 1in the absence of vertical drains or for horizontal flow (¢vh)
in the presence of vertical drains

3.1.b. Despite the necessity to assume a priori a soil constitutive mo-
del, this is one of the most reliable ways to assess Cyy and Ccyh

3.2.a. As mentioned under point 2.1.a., the variation of vertical
strains in the monitored layer may be estimated and, hence, Cyy Or
cyh may be inferred

3.2.b. For a proper interpretation of the strain evolution with time,
the excess pore pressure and lateral soil deformations beneath the
loaded area should be monitored

3.2.c. An a priori assumption concerning the soil constitutive behaviour
is unavoidable
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2.2. PRECONSOLIDATION PRESSURE, YIELDING AND

NORMALIZATION
2.2.1, Introduction

Casagrande (1936) defined the preconsolidation
pressure, o5, as the "largest overburden beneath
which the soil had once been consolidated". He
also presented an empirical technique to estimate
the value of op from the shape of the void ratio
versus logarithm vertical consolidation stress
curve obtained from incremental one-dimensional
consolidation (oedometer) tests performed on un-
disturbed samples. During the 1960's it became e
vident that the Casagrande op profile for some
clay deposits was higher than the "maximum past
pressure"” (maximum vertical consolidation stress)
believed to have existed during geological histo-
ry. This discrepancy was attributed to various
"soil structure" phenomenon, such as long term
secondary compression, aging and cementation ef
fects [e.g. Leonards and Altschaeffl (1964),
Bjerrum (1967)]. Although special terms were sug-
gested to designate these causes, it is difficult
to establish for most clay deposits exactly when
they would apply. Hence, while "preconsolidation
pressure" may often be a misleading term in the
physical sense, it remains the accepted term to
denote the "break" in the oedometer curve. As
such, it really represents a yield stress that
separates small strain "elastic" behaviour from
large strains accompanied by plastic (irrecove-
rable) deformation during one-dimensional com-
pression. The writers will use o = preconsolida-
tion pressure in this context irrespective of the
physical cause.

Although the profession can argue over terminolo-
gy, we should all accept the view that an accu-
rate determination of the o} profile is generally
the single most important sgep in predicting long
term consolidation settlements. The writers be-
lieve that it is equally important for most
short term stability problems. Hence we will
first review procedures for measurement of opj and
the different mechanisms responsible for develo-
ping the in situ ob profile. This is followed by
an overview of the concept of a yield envelope,
its practical implications and how such envelopes
can be affected by the o} mechanism. Finally, we
will emphasize the usefulness of normalizing un-
drained stress-strain-strength parameters with
respect to of. In doing this, the term stress hi-
story is useg to denote the in situ effective o-
verburden stress, ¢!., and preconsolidation pres-
sure, g3, profiles. This term has the same pro-
blems as already discussed for ob, as does the o-
verconsolidation ratio, OCR= ob/oéo.

2,2.2. Preconsolidation Pressure

Major variables that can influence the measured
op obtained from laboratory tests run on undistur
bed samples can be divided into four categories:

1. Sample disturbance which will almost always
reduce the measured value of cb.

2. The test equipment and procedures used to
obtain the one-dimensional compression curve and
related time effects.

3. The interpretative technique used to estimate

the value of Gé.

4. Environmental factors such as pore fluid compo
sition and temperature (a 10°C increase in tempe
rature can cause a significant reduction in cﬁ

for some clays; see Ladd et al. 1977, page 4427).
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Regarding 2., the incremental oedometer test u-
sing a load increment ratio AP/P of unity is most
common, except that AP/P is sometimes reduced to
about 0.5 to obtain a better defined curve in the
vicinity of op (eastern Canada uses 0.5 throughout
for its sensitive clays). Each stress increment
is typically maintained for one day, and most
practitioners use the 24 h compression curve to
estimate o). Since the end of primary usually oc-
curs within less than 1 h, the virgin portion of
the 24 h curve is displaced downward by one or more
cycles of secondary compression. Others such as
Ladd (1973), Mesri and Choi (1985) and ASTM (D2435-
80) recommend using end of primary, EOP, curves as
discussed in Section 2.5. In any case, conventio-
nal oedometer tests require considerable time and
yield discontinuous compression data, which led
to the development of the controlled gradient (CG)
test [Lowe et al. (1969)] and the constant rate
of strain (CRS) test [Smith and Wahls (1969),Wis-
sa et al. (1971), Sdllfors (1975), ASTM (D4186-
82)]. Both tests require measurement or control of
boundary pore pressures and give "during primary"
compression curves since excess pore pressures
exist throughout testing. The CG test also invol-
ves a change in strain rate near ¢/, which can si
gnificantly affect the compression curve, due to
changes in compressibility and permeability.
Based on data summarized in Section 2.5., it will
be concluded that:

1. The end of primary (EOP) compression curve for
incremental loading is independent of sample
(drainage) thickness (at least for drainage
heights equal to or greater than used in conven-
tional laboratory oedometer tests) [Mesri and
Choi (1985)].

2. One day compression curves from standard incre
mental oedometer tests yield values of op gene-
rally 10 £ 10% lower than EOP curves due to in-
creased strains resulting from secondary com-
pression.

3. Controlled gradient (CG) and constant rate of
strain (CRS) consolidation tests run at rates
significantly higher than that corresponding to
the end of primary compression in conventional
oedometer tests can result in values of o
higher than obtained from oedometer EOP curves
[Leroueil et al. (1983)].

Interpretative 05 Techniques

Various interpretative techniques have been propo
sed to estimate op from a given compression curve,
(i.e. the void ratio or strain and o}. data), the
most common still being Casagrande's (1936) empi
rical e or € versus log 0& construction, Fig.1(a).
Note that the location of ~ the minimum radius
point can be influenced by the scale, which should
be standardized, and involves judgement with gen-
tly rounded curves (disturbed samples, very stiff
clays, etc.). Schmertmann's (1955) technique is
considered advantageous in estimating op for over
consolidated clays wherein sample disturbance is
suspected [Peck (1974)J.

Reliance on semi-log plots to obtain op has been
criticized by Janbu and Senneset (1979) and others
who maintain that arithmetic diagrams of stress
versus strain (or modulus 1/my, or coefficient of
consolidation, etc.) are better indicators of
changes in basic behaviour. The writers agree that
high quality samples frequently show an essential
ly linear stress-strain relationship during recom
pression. However, except for highly structured
soils that undergo a dramatic increase in compres




0 S, &= Ty . )
- -e ¢ |
a) T~ Fl’ p
#,,A . i ‘Aﬁ 1T et | i
| ‘ & \
% ceatifeombe g WL e o8 Ll
| |
[ g N
- [ |
XN 81— = =]
- 1
u? | Op
pd . PROBABLE
S| T | A—
E l MIN.4¥} MAX.
n [ o v TAAAA
&l 16— | MIN.RADIUS # \R°
O ¥ gl H
\
E CASAGRANDE
W 20—| CcONSTRUCTION : e
> |
. (SRR
24— (a) SEMI-LOG SCALE T \\
£ [ = ‘ \
26 5
10 20 40 100 200 400 1000
LOG SCALE (r;,c(kPa)
0
D) ‘ﬂ&“&,& -.\_{L lUFI) SYMBOL| SAMPLE |Io(%)| I, [0y,
JAMES BAY B-6 -
St N *--® |mamneBlock| ° | 2% | %
& ' ~____|agscH n 3
S X &—4 |MARINE TUBE | 42 | 06 | &5
B2 L% NOTE: MOST LIKELY MECHANISM
Z g \ —= 5 CAUSING O} > Gl
S W JAMES BAY: CEMENTATION
- ® AGS CH: MECHANICAL
o B S | AND/OR DESICCATION
5 P = IS Sp e o
2 gl 1
- s
& 18 == i; | Sl <
> G-l
L ™~
20|~ (b) NATURAL SCALE —| ’ I~ A
| L
0 100 200 300 400 500 600 700 800

CONSOLIDATION STRESS, 0y, (kPa)

Fig.1: Compression Curves for Clays Having
Different Preconsolidation Pressure Mecha
nisms (a) Semi-Log Scale;

sibility beyond o) (e.g. the James Bay clay in
Fig.1(b)),the resfiltant range in the probable Oé
if often much greater than can be reasonably e-
stimated from the conventional semi-log plot.

Preconsolidation Pressure Mechanisms

The mechanism(s) responsible for causing the ob-
served preconsolidation pressure of horizontal
clay deposits can have several practical implica
tions, as summarized in Table V. Mechanical one-
dimensional loading--unloading typically leads to
a uniform amount of precompression (constant ob—
-0yo) and Ko conditions, although Ko at a given
OCR depends on whether or not oy, has been in-
creased or decreased to its present value.

(b) Natural ScaTe.

Desiccation due to drying, freeze-thaw cycles,
etc. will usually produce scattered, often diffi-
cult to define values of of and the in situ stres
ses may deviate from K, conditions, e.g. isotro-
pic stresses from evaporative drying. The genera-
tion of a preconsolidation pressure due to aging,
defined herein as long term one-dimensional drai-
ned creep (=secondary compression), is certainly
well documented in the laboratory [Leonards and
Altschaeffl(1964)] and is supported by case hi-
stories [Bjerrum (1967)] It should result in a
constant OCR, but whether K, remains constant du
ring secondary compression 1s in dispute (see
Section 2.5.). Finally, it is now generally ac-
cepted that various physio-chemical phenomena can
cause an increase in ¢, particularly natural ce-
mentation due to carbogates, silica, ion exchange,
etc. The resultant ob profile is likely to be va-
riable, as illustrated in Fig.2 for a deposit of
James Bay marine clay. Although the in situ Ko
may remain constant during development of ob, the
yield stress for horizontal loading would presuma
bly increase due to cementation. It should be no-
ted that cementation can be significant in depo-
sits ranging from heavily overconsolidated clay
shales [McRowen and Ladd (1982)] to the brittle
quick clays of Canada.

Discussion

We pose two questions: First, what is the correla
tion between oy, measured in the laboratory and
that observed in the field? Based on five case hi
stories involving the highly structured Canadian
Champlain clays, Leroueil et al. 1983a,b) and Mo-
rin et al. (1983) conclude that the in situ of
for these low to moderate OCR clays (OCR< 4.5)" is
within about $10% of that obtained from conventio
nal oedometer one day curves run on 70 mm piston
samples. But comprehensive field data on a fairly
similar deposit in New England suggest a better
correlation is with oedometer end of primary (EOP)
on values. However, given the lack of definitive
data on a variety of clays, no answer to the que-
stion can be made other than the fact that con-
trolled gradient (CG) and constant rate of strain
(CRS) tests run at rates significantly faster than
the corresponding EOP rate in oedometer tests can
seriously overestimate the in situ oj, (assuming
negligible sample disturbance). Nevertheless, the
writers concur with Mesri's (1984) view that it
is conceptually more correct to use EOP rather
than one day curves from oedometer tests, even
though the difference is generally less than 10
to 20%.
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TABLE V
Preconsolidation Pressure Mechanisms (For Horizontal Deposits with Geostatic Stresses)

Stress In situ
Category Description History Stress Remarks / References
Profile Condition
A) Mechanical 1) Changes in total vertical | Uniform Ko, but value|l Most obvious and easiest
One Dimensional stress (overburden, with at given OCR to identify
glaciers, etc.) constant | varies for
o4 - 0 reload vs
. vo .
2) Changes in pore pressure (Except unload
(water table, seepage with
conditions, etc.) seepage)
B) Desiccation 1) Drying due to evaporation | Often Can deviate Drying crusts found at
vegetation, etc. highly from Ko, e.g. [ surface of most and depo-
2) Drying due to freezin erratic isotropic sits; can be at depth
ying g capillary within deltaic deposits
stresses
C) Drained Creep 1) Long term Uniform Ko, but not Leonards and Altschaeffl
(Aging) secondary compression with necessarily (1964) ; Bjerrum (1967)
constant | normally
op / Ovo consolidated
value
D) Physico-Chemi 1) Natural cementation due Poorly understood and
cal to carbonates, silica, often difficult to prove.
etc. Very pronounced in eastern
Not Ho Canadian clays, e San-
2) Other causes of bonding Uniform Information Ys, e.9. -
- grey (1972), Bjerrum (1973),
due to ion exchange, duigley (1980)
thixotropy, "weathering” giey
etc.

The second question is: how to deal with scatte-
red ob data from laboratory tests (assumed to be
of oné type)? We have no simple answer, but do
offer the following advice: First attempt to se-
parate out effects of varying degrees of sample
disturbance (Section 2.3); and then evaluate the
data in light of the most likely mechanisms re-
sponsible for development of the preconsolidation
pressure. Mechanisms A) and C) in Table V should
usually produce relatively linear op profiles,
whereas B) and D) are likely to cause true spatial
variability.

2.2.3. Yield Envelopes

As previously discussed, the real physical signi
ficance of the preconsolidation pressure is that
it represents the yield stress observed during
one-dimensional drained loading. It also repre-
sents one point on the yield envelope, defined as
the locus of stress states that separates small
strain, "elastic" behaviour from large strain,
plastic (irrecoverable) behaviour for different
drained and undrained stress paths.

The concept of a yield envelope (or surface or
locus) was originally proposed by researchers at
Cambridge University in their development of the
(modified) Cam-Clay soil model to describe the
behaviour of isotropically consolidated remolded
clays [Roscoe et al. (1958), Rosce_and Burland
(1968), Schofield and Wroth (1968)]. Subsequent
research shows that the concept also applies to
natural clays [Mitchell (1970), Sangrey (1972),
Crooks and Graham (1976), Tavenas

and Leroueil (1977] although the shape

of the yield envelope is significantly dif-
ferent from that predicted by the Cam-Clay models
because of the anisotropy exhibited by natural
clays. New soil models used in advanced finite e
lement analyses now incorporate anisotropic yield
surfaces [9.g. Prevost and H8eg (1977), Prevost
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(1978), Kavvadas and Baligh (1982)].

Our objective is not to discuss experimental cri-
teria used to define yielding (still a controver-
sial subject), nor to review theoretical proper-
ties of yield surfaces (flow rules, work harde-
ning laws, etc.), but rather to present a brief

overview of the nature of yield envelopes in order
to illustrate their practical significance. The
presentation will be restricted for simplicity to
stress paths wherein the major principal effective
stress acts in the vertical direction, i.e. 0}=0g.
Figure 3 summarizes results from various tests
performed at MIT on samples of resedimented Boston
Blue clay (wp=40%; Ip=20%) that were KS consolida
ted in a slurry oedometer to 1.0 kg/cmé (with one
cycle of secondary compression), rebounded to0.25
kg/cm2, trimmed from the large oedometer cell and
then stored at constant water content for up to
several months. Standard oedometer tests showed a
well defined increase in op with storage time due
to thixotropy [O'Neill et al. (1985)] (o} for the
samples shown ranged from 1.25 to 1.6 kg/cm2) .The
data are normalized for simplicity to the o} cor-
responding to the age of the test specimen,
although this involves some error.

Tests (1) through (4) in Fig.3 were isotropically
consolidated to oy, £ 0.25 kg/cm2 and then loaded
incrementally with drainage to measure the beha-
viour of overconsolidated clay. Test (7) is also
overconsolidated, but sheared undrained in
triaxial compression. Tests (5) and (6) were K,
consolidated well into the virgin compression ran
ge and sheared undrained in triaxial extension
and compression, respectively, to measure the be-
haviour of normally consolidated clay. Yielding
was assumed to occur at stresses causing devia-
tion from the initial "linear" stress-strain cur
ve or a change in the shape of the undrained ef-
fective stress path for Test (7).
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[Data from Bensari (1984) and O'Neill (1985)].

The results for resedimented Boston Blue clay
show the following features:

1. The yield envelope is roughly centered about
the Ko line such that the yield stress for iso
tropic consolidation is significantly less =
than oj. Both of these characteristics appear
typicag of soft sedimentary clay deposits; see
the review by Tavenas and Leroueil (1977).

2. The effective stress path for the Ky consoli-
dated-undrained triaxial extension (CKoUE) test
runs on normally consolidated clay coincides
with the lower portion of the yield envelope.

3. The upper portion of the yield envelope at
high values of p'/o}l coincides with the initial
part of the effective stress path for the Ky con
solidated-undrained triaxial compression (CKoUC)
test run on normally consolidated clay. At lower
values of p'/oj,, the envelope falls near the
maximum obliquity Mohr-Coulomb envelope for nor-
mally consolidated clay.

4. As a reasonable approximation, the yield enve-
lope for this clay can be defined from the ef-
fective stress paths for CKoU compression and
extension tests on normally consolidated clay
and the large strain ¢' envelope. This hypothe-
sis is considered reasonable for overconsolida-
ted clays where mechanical precompression is
the principal mechanism responsible for the pre
consolidation pressure.

Results are now presented for the James Bay B-6
marine clay to illustrate very different behaviour
for a material wherein cementation is thought to
be the principal mechanism contributing to the
measured preconsolidation pressure profile shown
in Fig.2, This Canadian deposit is a very brittle,
highly structured quick clay. The data are from
consolidated-undrained triaxial compression and
extension tests having the following consolidation
conditions (all using Kg=0.55):

1. Consolidation to oyc.=0¥yp at five depths to mea-
sure the behaviour of "intact" clay at the in si-
tu OCR, which varied from about 1.8 to 3.3.

2. Consolidation to oyc/0f, between 0.6 and 1.0 at
two depths to measure the effect of recompression
for intact clay (the volumetric strains were 2%
or less).

3. Consolidation to oyc ranging from 1.3 to3 times
the in situ op to measure the behaviour of "de-
structured" can [Leroueil et al. (1979)].

Figure 4(a) plots stress-strain curves from three
typical triaxial compression tests, where yielding
essentially occurs at the peak strength (particu-
larly for the highly structured intact clay). The
normalized q -0p stresses at the peak strength for
all triaxial compression tests and representative
effective stress paths are plotted in Fig.4(b).
Approximate locations of the yield envelopes are
drawn based on the triaxial compression peak
strengths and relevant effective stress paths.The
results show the following important behavioral
trends:

1. At the in situ OCR, the intact clay is extreme
ly brittle, with approximately linear effective
stress paths (A=0.2 in compression and A=0.8 in
extension) prior to yielding. Further straining
produces a very dramatic decrease in shear resi-
stance, i.e. pronounced strain softening. Such
behaviour is very different from that shown for
a mechanically overconsolidated clay such as
Test (7) in Fig.3.

2. Recompression to vertical stresses less than
the in situ o} causes a modest increase in the
peak strength and yield stress of the intact
clay.

3. The upper portion of the yield envelope for in
tact clay (i.e. from samples having oyc less
than the in situ op) rises well above the large
strain Mohr-Coulomb envelope represented by the
$'=35° line. This behaviour is also very diffe-
rent from that measured for resedimented Boston
Blue clay.

4. Reconsolidation to oy, values well beyond the
in situ o} produces effective stress paths and a
corresponding yield envelope for destructured
clay that are similar in shape to those measured
for Boston Blue clay.

intact versus destructured
that reported by Leroueil
on the St. Alban clay,

The above behaviour for
clay is very similar to
et al. (1979) for tests
which is representative of the highly structured,
sensitive Champlain sea clays of eastern Canada.
The upper portion of the yield envelope for me-
dium to soft clays which derive their preconsoli-
dation pressure principally from cementation bonds
(or similar effects) lies well above the large
strain Mohr-Coulomb envelope and such materials
are characterized by brittle behaviour prior to
yielding during both undrained and drained loa-
ding. Substantial strain softening occurs after
yielding for stress paths well above the Ko line,
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whereas compressibility increases dramatically
for drained loading near and below the K_ line.
By comparison, mechanically overconsolidated
clays have a more compact yield envelope and
exhibit a much more ductile behaviour. Mechani-
cal overconsolidation also increases the in situ
Ky, whereas K, for cemented deposits may well re-
main near the normally consolidated value (Note:
in situ measurement of Ko in cemented materials
is difficult since the soil is very brittle). Ap
propriate test procedures for minimizing the
adverse effects of sample disturbance (Section
2.3.) also depend on the preconsolidation pres-
sure mechanism(s).

2.2.4. Normalization (Normalized Behaviour and
Use of Normalized Parameters)

It should be evident that the in situ preconsoli
dation pressure, 05, is the single most impor-
tant parameter controlling basic behavioral
trends for a wide range of problems involving
both undrained and drained load applications. It
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controls the location of the yield envelope,
which in turn separates small strain "elastic"
behaviour from large strains involving plastic
deformation. However, recent research suggdests
that the shape of the yield envelope can be
strongly affected by the mechanism(s) causing oﬁ.
This in turn leads to differences in normalized
stress-strain-strength behaviour, as will be il-
lustrated next for a mechanically overconsolida-
ted versus a cemented material.
Ladd et al. (1977) summarized the effect of over
consolidation ratio on Ky and undrained stress-
strain-strength parameters for a variety of clays.
Most of those data came from SHANSEP test programs
(see Section 2.3. for discussion of SHANSEP)
wherein "undisturbed" samples were K, consolidated
in the laboratory into the virgin compression ran-
ge and then rebounded to varying OCR. Hence oéfor
all SHANSEP test specimens is caused by mechanical
overconsolidation.
Data from a SHANSEP testing program performed on
the Atlantic Generating Station (AGS) plastic ma-
rine clay (Ip=43%7%, I1,=0.6*0.7) are summarized
as being representative of the normalized beha-
viour of mechanically overconsolidated clays.
Koutsoftas and Ladd (1984) describe the site and
testing details. Figure 5 plots effective stress
paths from a series of CKoU triaxial compression
(TC) and triaxial extension (TE) tests run at no-
minal OCR's of 1, 2, 4 and 8. With increasing
OCR, the shape of the effective stress paths chan
ges from concave to the left to concave to the
right. Figure 6(a) plots log OCR versus log cy/0yc
from the CK.U TC, TE and Geonor [Bjerrum and
Landva (1968)] direct simple shear (DSS) tests.
The log-log plot gives essentially straight lines
and hence is closely approximated by the relation
ship: n -
1 -

cu/ovc-—S (OCR)
where S is the undrained strength ratio for nor-
mally consolidated (OCR=1) clay. Figure 6(b)
shows the variation in shear strain and Skempton's
pore pressure parameter at failure (peak strength).
Figure 7 presents similar plots from undrained
shear tests run on the cemented James Bay B-6 ma-
rine clay deposit (see Figs.2 and 4 for the stress
history and typical effective stress paths re-
spectively). For this test program, all overcon-
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solidated data are from samples reconsolidated
to stresses less than the in situ odj, i.e. repre
senting behaviour of an intact cemented clay.
The OCR=1 data on destructured clay had a labo-
ratory oyc ranging from 1.3 to 3 times the in si
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Failure vs. OCR from CKyU Tests Run on
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Marine Clay {Data from Lefebvre et al.
(1983)].

As previously noted, the yield envelope for in-
tact James Bay clay is much higher than for de-
structured clay, where the large strains caused
by consolidation beyond the in situ ¢} presumably
destroy most of the cementation bonds. Likewise,
results in Fig.7 show a discontinuity in beha-
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viour at OCR=1. For example, the destructured
clay has somewhat higher values of Af and much
larger strains at failure for the DSS and TE mo-
des of failure (note also the same yf in TC and
TE for intact clay* compared to the large diffe-
rence for the overconsolidated AGS clay). The
James Bay intact clay exhibits a linear log cy/
/040 Vs. log OCR relationship, as also typical

of mechanically overconsolidated clays. But the
"normally consolidated" S derived from testing
intact clay is substantially higher than S measu
red on destructured clay (35% larger in TC and
about 15% larger in DSS and TE).

Geotechnical practice routinely performs labora-
tory consolidation tests to predict long term
settlements of cohesive deposits. The foregoing
illustrates that knowledge of stress history is
also helpful in evaluating and correlating data
from laboratory shear testing programs. This al-
so applies to in situ strength testing, such as
with the field vane. Figure 8 shows field vane
data from several sites plotted in the same man-
ner as used to correlate laboratory undrained
strength ratios versus overconsolidation ratio.
These data and results from similar analyses at
other sites are summarized in Table VI. The de-
rived values of cy/0yo for normally consolidated
clay follow a trend with plasticity index similar
to those proposed by Skempton (1948) and Bjerrum
(1972) . The values of m are often larger than
measured in laboratory CKoU test programs. In par
ticular, m appears to be significantly greater
than unity for deposits believed to be naturally
cemented, although the data base is too small to
draw definite conclusions. In any case, if S and
m are reasonably well defined for a given clay
deposit, field vane testing provides a relatively
inexpensive method of interpolating and extrapola
ting laboratory oedometer data to obtain a more
complete picture of the in situ stress history.
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Fig.8: Undrained Strength Ratio vs. OCR from
Field Vane Tests [}acasse et al. (1978)J;
(a) Boston Blue Clay, I-95 Saugus; MA
(b) Connecticut Valley Varved Clay,

Amherst, MA;

(c) Organic Clay with Shells, Fore River,

ME;
(d)

James Bay B-2 and B-6 Marine Clays

(Ladd et al. (1983)].

TABLE VI
Normalized Field Vane Test Results
No.|l Site and Soil Type I_ (%) IL EicEmiong Remarks References
P S m
I-95 Saugus _ ) .
1 Boston Blue Clay 21+£3 0.165 0.96 Plotted in Fig.8 Lacasse et al. (1978)
Connecticut Valley 25-30 = 0.20 0.93 ; .
2 Varved Clay Bulk Plotted in Fig.8 Lacasse et al. (1978)
3 Fore River Organic Mean of scattered
Clay with Shells, 3448 - 0.74 0.83 FV plotted Ladd et al. (1969)
Etc. in Fig.8
AGS CH Large scatter Koutsoftas and
4 ) & .620. 5 K - 3
Marine Clay sk | RO Ty SREES o Z7 with no data Fischer (1976)
at low OCR
Bangkok Soft Mean of highly
5 CH Clay 41220 0.7+1.0|0.29 0.80 R P Lacasse et al. (1978)
Omaha Soft
6 CH Clay 50 0.8+0.9]0.28 0.97 - Navarro (1984)
New Liskeard Uncertainty
7 | cemented 2515 - 0.185 | 1.51 | in OCR acasseactual SRS )
Varved Clay Bulk
James Bay B-2 Mean FV from
8 Mate nelils, 9.5+3 2.6+0.9|0.16 1.18 % o SIS PR .
Plotted inFig.8 SCCE :
James Bay B-6 Mean FV from
9
Marine Clay gl 1.950.610-17 s 5 profiles
Plotted in Fig.8

* The larger DSS yf for intact clay might have
been partly due to the use of top and bottom
pins.
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For m near unity and relatively small changes in
OCR, cu(FV)/op should be approximately constant
{(t 15% for AOCR=2 and m=1.0%0.2) for a given
deposit. Mesri (1975) substantiated this "predic
tion" in his analysis of Bjerrum's (1972, 1973)
field vane and stress history correlations de-
veloped for normally consolidated and slightly
overconsolidated (OCR < 2) post glacial clays.
Moreover, application of Bjerrum's (1972) field
vane correction factor, p, based on case histo-
ries of embankment failures to the resulting
cy(FV)/ap versus I, relationship yielded an es-
sentially constant u cy(FV)/ol=cy/op=0.22.
Although the above interpretation did not consi-
der the scatter about Bjerrum's (1972) p versus
Ip correlation, Larsson's (1980) summary of cy/
/05 values derived from 15 embankment failures
for clays having Ip < 60% yields:

cu/cé = 0.23 £ 0.04

Hence, the in situ cy/oj appropriate for analy-
ses of embankment stability probably falls

within a fairly narrow range for most soft sedi-
mentary clays of moderate to low plasticity.

This conclusion is also supported by results of
laboratory CK,U tests sheared with differing modes
of failure to incorporate anisotropy if the peak
strengths are corrected for "strain compatibili-
ty", i.e. the effects of progressive failure, as
described by Koutsoftas and Ladd (1984) (Note:
also see Section 2.4.). However, there is some
evidence indicating that cu/oﬁ for highly plastic
organic clays is higher than quoted above |e.g.
Trak et al. (1980), Holtz and Holm (1979), Lars-
son (1980)]. For example, the ratio for nonfibe-
rous peats in very high.

2.2.5. Summary and Conclusions

Preconsolidation

1. The ob determined from one-dimensional drained
loading represents a point on the yield envelope
where the Kp-line crosses it.

2, Different ¢} mechanisms lead to varying beha-
viour as a function of OCR. Some evidence that
cemented clays give high FV strength as function
of OCR.

3. Many natural soil deposits have been subjected
to more than one preconsolidation mechanism,
acting simultaneously or sequentially and lea-
ding to complex OCR profiles.

4. The writers recommend to evaluate o} on EOP
curves obtained from the conventional incremen-
tal loading oedometers. Reduced load increments
(=0.5) ratios should be used when the o} is ap-
proached. Continuous loading oedometer {(CRS, CHG)
tests run at fast rates can overpredict in situ
ob. When using these devices, the strain rate
corresponding to the conventional EOP curve may
be inferred from the formula given in section
2.5.2.

Yield Envelope

1. The shape of the yield envelopes of resedimen
ted mechanically OC Boston Blue clay and cemen-
ted sensitive James Bay clay are very different.
This difference is attributed to the very diffe
rent preconsolidation mechanisms experienced
by these two soils. The writers emphasize the
need for further research on the relation
between o0} mechanisms and yield mechanisms for
a variety of natural clays.

2, Consolidation of the James Bay clay beyond o
causes a significant change in the shape of its
yield envelope and hence in its mechanical be-
haviour. This phenomenon,called "destructuration?
is typical for highly structured clays, e.g. o-
verconsolidated cemented eastern Canadian clays.

Normalization

1. Since op is the most important parameter con-
trolling basic behaviour of soil in both drained
and undrained conditions, it is particularly sui
table as the basis for normalizing the relevant
strength and stiffness characteristics of cohe-
sive deposits.

2. Normalized strength and stiffness parameters
do not lead to unique relationships vs OCR be-
cause they depend on the o4 mechanism.

3. The existing experimental evidence indicates
that for low OCR inorganic clays of low to moderate
plasticity, the cu/op ratio appropriate for em-
bankment stability falls within a narrow band of
0.23 * 0.04.

2.3. ASSESSMENT OF SAMPLE DISTURBANCE AND PROCE-
DURES TO MINIMIZE ITS EFFECTS

2.3.1. Introduction

Table VII summarizes sources of disturbance which
can occur during sampling of cohesive soils from

a drill hole. Some of these can be controlled or
at least minimized by using the best available
sampling technique for the particular soil condi-
tions and by following appropriate handling proce
dures. For example, researchers in Eastern Canada
developed special techniques [e.g. the Sherbrooke
250 mm diameter block sampler, Lefebvre and Poulin
(1979), and the Laval 200 mm diameter overcored
tube sampler, La Rochelle et al. (1981)] to obtain
extremely high quality samples of their soft
brittle sensitive clays. Their studies show that
better sampling can yield significant changes in
drained compressibility and peak triaxial strengths
(undrained and drained) compared to conventional
fixed piston samples [e.g. La Rochelle and Le-
febvre (1970), Raymond et al. (1971)]. However,
these special large diameter samplers are either
too expensive for most geotechnical investigations
or are not feasible for very deep sampling and for
offshore exploration. Moreover, other sources like
those associated with stress relief, and especial-
ly the outgassing problem often encountered in deep
water deposits, are impossible to minimize without
taking extreme measures.

Given the above constraints, most sampling programs
must employ procedures that may yield samples of
less than ideal quality. Hence, practicing engi-
neers need techniques for assessing sample quality
and knowledge of testing techniques that might be
employed to minimize the adverse effects of sample
disturbance. Our treatment of these two subjects
will be restricted to cohesive soils where design
practice relies heavily on laboratory testing. How
ever, it should be mentioned that recent progress
has been made in developing procedures to obtain
much better quality samples of granular soils,
[e.g. Marcuson and Franklin (1979)].

2.3.2. sample Quality (Cohesive Soils)

Three techniques for assessing sample quality will
be discussed: radiography; measurements of effecti
ve stress; and evaluating oedometer compression
curves.
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TABLE VI
Sources of Sample Disturbance in Cohesive Soils

Heading Item Remarks
1. Stress 1.1. Change in stresses due to Excessive reduction in oy due to light dril-
Relief drilling hole ling mud causes excessive deformations in
extension
. Overpressure causes excessive deformations
in compression
1.2. Eventual removal of in situ Resultant shear strain should usually be
shear stress small
1.3. Eventual reduction (removal) Loss of negative u (soil suction) due to pre
of confining stress sence of coarser grained materials
. Expansion of gas (bubbles and/or dissolved
gas)
2. Sampling 2.1. Sampler geometry: These variables affect:
Technique Diameter/Length
Area ratio . Recovery ratio
Clearance ratio
Accessories -- piston, Adhesion along sample walls
coring tube, inner
foil, etc. Thickness of remolded zone along interior
wall
.2. Method of advancing sampler . Continuous pushing better than hammering
.3. Method of extraction . To reduce suction effect at bottom of sample,
use vacuum breaker
3. Handing 3.1. Transportation Avoid shocks, changes in temperature, etc.
procedures
3.2. Storage Best to store at in situ temperature to
minimize bacteria growth, etc.
. Avoid chemical reactions with sampling tube
Opportunity for water migration increases
with storage time
3.3. Extrusion, trimming, etc. Minimize further straining
Radiography cent to the sample edges to gross disturbance as

X-ray photons emitted from a cathode ray tube pe-
netrate materials to varying degrees depending
upon their density. A radiograph is the photogra-
phic record produced by the passage of X-rays
through an object onto a white photographic film
that darkens in proportion to the intensity of
protons reaching it. Photographs taken of radio-
graphs produce the opposite effect. Hence, a low
density object appears as a dark zone on a radio
graphy (negative) and as a light zone on a photo
graph (positive). Although industrial radiography
has been used for many years in geotechnical re-
search, primarily in England for measurement of
strains via lead shot embedded in soil samples
(Arthur, 1972), its systematic use with tube sam
ples has only recently become fairly widespread.
Based on experience gained at MIT since 1978, ra-
diography can show the following:

1. Variations in soil types, especially granular
versus cohesive materials.

2. Macrofabric features resulting from bedding
planes, varves, fissures, shear planes, etc.

3. Presence of "intrusions" such as sand lenses,
stones, shells, calcareous nodules, peaty mate-
rials, drilling mud, etc.

4. Voids and cracks due to gas pockets.

5. Variations in the degree of sample disturbance,
ranging from barely detectable curvature adja-
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evidenced by a completely contorted appearance
and large voids and cracks (most often occurring
at the ends of the tube).

Many of these features may not be readily identi-
fied from visual inspection of the extruded sam-
ples, at least without trimming or breaking it a-
part. Hence radiography provides a nondestructive
means for selecting the most representative and/or
less disturbed portions of each tube for enginee-
ring tests. It also helps in planning the overall
testing program based on the amounts of suitable
material. Such information can be considered es-
sential for projects having a limited number of
expensive tube samples, as occurs with offshore
exploration. In fact, the Norwegian Geotechnical
Institute used onboard radiography in 1983 to pro
vide an immediate assessment of sample quality at
a deep water (300 m) site in the North Sea [Lacas
se et al. (1984)].

The American Society for Testing and Materials is
currently developing an ASTM Standard for radio-
graphing soil samples. The writers predict that
radiography facilities will soon become standard
on drilling ships and in geographic areas having
a significant number of organizations engaged in
geotechnical engineering. The expense of radiogra
phy is relatively small (approximately US $ 50
per tube) compared to the cost of running consoli
dation tests andsophisticated strength tests on
disturbed and/or nonrepresentative soil specimens.



Effective Stress After Sampling

"perfect sampling” denotes no disturbance other
than that caused by the undrained removal of the
in situ shear stress, AgQ=0.5 gy (1 -Kgj). Assu-
ming complete saturation, the isotropic effecti-
ve stress, opg, after perfect sampling is given
by [Ladd and Lambe (1963)]:

9hs = %o [k, + A, (1 - K]

where A_ = (Au - Aop) / (Aoy - bop) . For practical
purpose§, A, is quite small for normally consoli
dated clays and hence opg is approximately equal
to gho = Ky Oyo-

The various sources of disturbance listed in
Table VII will decrease the effective stress of
laboratory specimens 0§ to values less than Ops-
The resultant magnitude of ¢4 can be measured in
a triaxial cell fitted with a fine porous stone
at the base (og = cell pressure - pore pressure)
or by inserting a small pore pressure probe into
an unconfined sample. Data collected at MIT shows
that o&/0bg typically equal 0.2 ¢ 0.2 for conven-
tional tuge sampling of medium to soft clays of
moderate to low sensitivity at depths greater than
5 to 10 m. The decrease in effective stress from
Oﬁs to 0! can occur at constant water content due
t0 mechanical disturbance since shear deforma-
tions in low OCR clays produce positive excess
pore pressures. The decrease can also result from
swelling as water is sucked from: (1) any cohesion
less zones that cannot sustain negative pore pres-
sures; (2) more disturbed zones, such as the re-
molded (more compressible) layer along the walls
of the tube. Internal swelling has been observed
to decrease o} [Schjetne (1971)] and even to re-
duce the strength of Norwegian clays measured in
CKoU triaxial compression tests reconsolidated to
the overburden stress [Bjerrum (1973{]. However,
La Rochelle et al. (1976) conclude that it is ap
parently less significant in strongly cemented
clays.

Several researchers have proposed that o&/ops pPro
vides a quantitative measure of the degree of sam
ple disturbance [e.g. Ladd and Lambe (1963), Nel-
son et al. (1971), Okumura (1971)], and it can
serve as a useful guide regarding likely decrea-
ses in measured UU strengths. But no data are a-
vailable to correlate o§/d)s with the effects of
disturbance on CU or oedometer test results. Mo-
reover, 0&/chg has little relevance in highly ce
mented clays since ol can approach zero without
seriously affecting the structure of these soils.

Oedometer Curves

Sample disturbance usually affects compression
curves from oedometer tests run on "ordinary" se
dimentary clays (soft to stiff consistency,

low
to moderate sensitivity) in the following manner:

1. Decreases the void ratio (or increases the
strain) at any given consolidation stress,
Oyc-

2. Makes it more difficult to define the point of
minimum radius, thus obscuring and often lower
ing the value of cb.

3. Increases the compressibility during recompres
sion (always true) and may decrease the com-
pressibility in the virgin compression region.

Figure 9(a) illustrates the above effects via da-
ta from oedometer tests run onspecimens from the
same tube of an offshore Holocene clay. Although
Test A gave a reasonable looking curve that indi-

D) CHAMPLAIN CLAY (LA ROCHELLE &
LEFEBVRE , 1971)
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Fig.9: Effects of Disturbance on Oedometer Com-
pression Curves: (a) Orinoco Clay [Azzouz et al.
(1982)]; (b) Champlain Clay, St. Louis [La Rochel-
le and Lefebvre (1971)].

cates an underconsolidated clay, the second test
yielded a significantly higher op which agrees
with the stress history developed for the deposit.
Test B also had a much higher virgin compressibi-
lity.

Figure 9(b) compares compression curves from block
and tube samples of a brittle, sensitive clay,
where disturbance increases compressibility during
recompression but has little effect on cb and vir-
gin compressibility. These results appear fairly
typical of the cemented Champlain Sea clays where
research [see La Rochelle et al. (1981), for re-
ferences| shows that very large diameter sampling
is required to preserve the stress-strain proper-
ties of overconsolidated intact clay (i.e. within
the yield envelope shown in Fig.4). Conventional
fixed piston samples may or may not affect the lo-
cation and shape of the virgin curve depending on
the tube diameter and specific deposit.

The above discussion and examples demonstrate that
no simple criteria exist to evaluate sample quali-
ty from compression curves. Whether or not sample
disturbance is significant also depends on the pro
perties being assessed, e.g. overconsolidated ver-
sus virgin behaviour, op, etc. Nevertheless, a
comparative evaluation of compression curves
within a given deposit can often indicate diffe-
rent degrees of disturbance from relative changes
in compressibility and shapes of the curves. One
simple, but not precise, criteria is the measured
vertical strain at the effective overburden stress
for deposits believed to have a relatively uniform
stress history, as illustrated in Fig.10 for a Ho-
locene deposit offshore eastern Venezuela.

Conclusions

1. The required sample quality depends on what pro
perties have to be measured and their required de
gree of accuracy. This can vary from:
Large diameter specially cored samples to mea-
sure the intact properties of brittle clays.

. More conventional push tubes (preferably fixed
piston) for routine settlement and stability
problems.

. Quantitative assessment of sample quality is
not easy. The task is almost impossible if accu-
rate small strain behaviour is needed unless block
samples for comparison are available. But for
routine settlement and stability problems invol-
ving relatively ductile materials, qualitative as
sessment can be obtained via:

. Radiography-ideally suited to help select repre
sentative and best quality materials and to
plan overall program based on available suita-
ble soil.
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Measurements of sample effective stress, gd§,
for comparison with that of perfect sampling,
oés 2 Ko Oyo-

. Shape of and compressibility parameters from
oedometer compression curve.

3. Conventional tube sampling will generally cause
sufficient and variable disturbance such that UU
type strength tests will usually not give relia-
ble or repeatable stress-strain-strength data
(also there are problems due to effects of strain
rate and anisotropy). The profession is increa-
singly realizing this and hence there now is more
emphasis on using results from samples reconsoli
dated in the laboratory. But what procedure
should be employed?

2.3.3. Laboratory Reconsolidation Procedures to

Minimize Effects of Sample Disturbance

One Dimensional Settlement

Even modest degrees of sample disturbance will ge
nerally increase compressibility during recompres
sion by several fold. For ordinary clays, this er
ror can be minimized by using the recompression

curves from an unload-reload cycle performed after
consolidating the sample beyond the in situ pre-

consolidation pressure. For highly structured and
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cemented materials, this technique is likely to
overestimate the in situ recompression curve and
it may be preferable to unload from a stress
less than 0» (the writers are not sure of this
recommendation) .
The influence of disturbance on virgin compressi
bility varies considerably with the degree of
disturbance and soil type. For ordinary clays,
Schmertmann's (1955) technique for reconstructing
the in situ compression curve is recommended,
this typically increasing CR=Cc/ (1 + eg) by
15 ¢+ 5% for moderately good samples of medium to
soft clay [Ladd (1973)]. But with higly structu-
red clays (high St and Ij) having an extremely
hlgh and variable compressibility just beyond
such as shown in Fig.9(b), one can only hope
tgat the samples are of sufficient quality to
preserve this characteristic.

Undrained Stress-Strain-Strength Properties

The in situ soil structure will always be alte-
red by the sampling process and hence can never
be exactly duplicated in the laboratory. It is
now recognized that unconsolidated-undrained (UU)
type testing produces highly unreliable and va-
riable results for at least two reasons: (1) va-
rying degrees of disturbance, which often cause
a substantial reduction in the preshear effecti-
ve stress, o§; (2) even "perfect sampling" signi
ficantly alters stress-strain characteristics
since shearing starts from isotropic rather than
the in situ Ky stress conditions [Ladd and Lambe
(1964) , Skempton and Sowa (1963), Noorany and
Seed (1965)J Isotropically consolidated-undrai-
ned (CIU) testing also has similar drawbacks and
hence Ko consolidated-undrained (CKyU) tests are
required.
Variables to be considered in conducting the con
solidation portion of a CKoU test include the
preshear valuesof: (1) the vertical consolida-
tion stress, oye; (2) the consolidation stress
ratio, K¢ = Opc/ Ofc and (3) the time allowed for
consolidation, te; and the stress path and conso-
lidation times used to reach the preshear condi-
tion. The following discussion will focus on the
first variable, in particular the relative me-
rits of the so-called Recompression and SHANSEP
reconsolidation techniques which are used in many
laboratories to minimize the adverse effects of
sample disturbance.
These two techniques are illustrated
which shows hypothetical in situ and laboratory
Ko compression curves for a slightly overconso-
lidated soft clay. Points 1 and 2 designate the
in situ condition and the preshear effective
stress for UU test respectively (the latter as-
suming no change in water content during sam-
pling). In the Recompression technique, the test
specimen is reconsolidated (ideally along a Kg
stress path) to 0y.=0yo shown by Point 3. Points
A through D correspond to typical stresses used
for a SHANSEP test program {(to be subsequently
described) .

in Fig. 11,

Recompression Technique

Bjerrum (1973) presents the rationale underlying
this technique, which has since been routinely
used by the Norwegian Geotechnical Institute
(NGI) to predict in situ behaviour. The following
selected quotes attempt to reflect his views (note
that Bjerrum was then more concerned with inter-
nal swelling than gross mechanical disturbance).

"Provided the swelling which occurred before the
testing is so small that it still is of an
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Fig.11: Consolidation Procedures for Laboratory
CK U Testing [After Ladd et al. (1977)].

‘elastic' nature, and provided the mechanical
disturbance is relatively small, the detrimen
tal effect of the swelling can be eliminated
if the sample is reconsolidated at exactly
the same pressures as it carried in the field
before it is tested". The beneficial effects
are firstly "to replace the field stresses
with an identical set of effective stresses
in the laboratory", and secondly "the additio
nal water adsorbed since sampling is squeezed
out of the sample again".

Bjerrum illustrated the unreliable nature of UU
stress-strain data and concluded by stating that
reconsolidation to the field stresses is "a ne-
cessary condition for the reliable measurement

of the true properties of undisturbed samples of
soft clays" and that an appreciation of this "is
considered to be one of the most significant
advances in recent years..."

In a companion paper, Berre and Bjerrum (1973)
present results from Recompression CKoU tests

run on 95 mm fixed piston samples of seven low
OCR (< 1.8) clays. The authors report reconsoli-
dation volumetric strains to increase "from 1.6%
in the most plastic clay to 2-4% in clays of low
plasticity, which indicates that samples of clays
of low plasticity are somewhat more disturbed than
samples of highly plastic clays". They also state:
"Provided the reduction in water content resul-
ting from the consolidation at the field stresses
is not too large, the results of a shear test
with such a sample should give a fair presenta-
tion of the behaviour of the clay in the field".
They acknowledge that, in principle, a reduced
water content as a result of sampling disturbances
would be accompanied by a gain in strength, but

conclude that sample disturbance in fact has the
opposite effect due to "the destruction of the o-
riginal structural arrangement of the clay gained
during hundreds or thousands of years of seconda-
ry consolidation...". In other words, increased
disturbance produces a reduction in strength and

a larger strain at failure for the reconsolidated
specimen. Their conclusion is supported by exten-
sive data on several highly structured Canadian
clays [see La Rochelle et al. (1981), for typical
results and references] wherein destruction of ce
mentation bonds appears to be more important than
decreases in water content.

The writers fully agree that the Recompression
technique should be used to predict the in situ
behaviour of highly structured clays characterized
by a high sensitivity and liquidity index (say

S¢ > 5-10 and I > 1-1.5) and cemented soils. Ac-
curate small strain behaviour for Canadian type
clays probably requires very large diameter sam-
ples, although the increased sample disturbance
with smaller samples will most likely lead to

a reduced stiffness and undrained strength, i.e.
conservative results. The Recompression technique
is also recommended for highly overconsolidated
stiff clays and within weathered crusts, where
sample disturbance is likely to be less of a pro-
blem.

On the other hand, for tube samples of truly nor-
mally consolidated deposits, there can be little
question that reconsolidation to oy, will usually
produce a significant decrease in volume and hence
undrained strengths that are too high*. [Note: i-
sotropic consolidation to oyg will certainly in-
crease the error]. Although one seldom encounters
OCR=1 deposits on land (waste disposal facilities
being a prime exception), they are found offshore
in areas near major rivers. There are also many
relatively unstructured natural deposits having a
sufficiently low OCR that reconsolidation to point
3 in Fig.11 might lead to overestimates of strength
with increasing sample disturbance. Moreover,
there is no way of assessing whether Recompres-
sion errs on the safe or unsafe side, except per-
haps by testing samples with varying degrees of
disturbance.

Other than the unknown potential adverse effects
of sample disturbance, the main uncertainty in u-
sing the Recompression technique lies in selecting
an appropriate K.. Ideally it should equal the in
situ Ko, which is difficult to estimate for pre-
consolidation mechanisms other than mechanical.
One-dimensional recompression will not give the in
situ Ko due to disturbance and the dependence of
Ko on loading versus unloading. Some laboratories
like NGI use oedometer tests to measure op and
Brooker and Ireland's (1965) empirical correlation
with OCR to estimate Ko [Berre (1981)]. NGI also
first isotropically consolidates the sample to Oj¢
and then increases 0y. to oyo (for Ko < 1) **, The
Technical University of Turin (TUT) measures Ko
versus OCR for the particular clay using the SHAN-
SEP technique, which also strictly applies only

to mechanical overconsolidation. Eastern Canadian

* The writers believe that overestimates of cy
will usually be larger than reported by Kirk-
partrick and Khan (1984) from their investiga-
tation of sampling effects with normally con-
solidated resedimented kaolin and illite.

** Kirkpatrick and Khan (1984) show little error
from doing this compared to the more time con-
suming loading in small increments (but their
results are for resedimented kaolin and illi-
te).
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laboratories simply select a K¢ of about 0.5 to
0.6 considered reasonable for their cemented de-
posits.

Except for problems in selecting K¢, the Recom-
pression technique is relatively simple to exe-
cute and it directly gives stress-strain-strength
data at each depth of testing. Potential errors
in Kc are probably not significant compared to un
certainties in the effects of sample disturbance.
The latter requires more research of the type
carried out in eastern Canada. In any case, the
writers recommend that this technique should
always be accompanied by detailed measurements of
the stress history of the deposit in order to:

1. help estimate Kg;

2. interpolate and extrapolate the "point data"
via correlations with cﬁ and/or OCR;

3. use this correlation to check the reasonable-
ness of the results compared to normalized
stress—-strain-strength data on similar clay
deposits.

SHANSEP Technique

SHANSEP is an acronym for Stress History and Nor-
malized Soil Engineering Properties. As described
by Ladd and Foot (1974) and Ladd et al. (1977),
the SHANSEP design procedure for estimating the
in situ undrained properties of a clay deposit
involves the following basic steps (for any given
"uniform" layer and required mode of failure):

1. Establish the stress history, i.e. the profi-
les of ovo and 0§, which determines the range of
OCR values for which data are required.

2. Perform a series of CKpU shear tests on speci-
mens consolidated beyond the in situ preconsoli-
dation pressures (to oye greater than 1.5-2 times
op) to measure the behaviour of normally consoli-
dated clay and also on specimens rebounded to

varying OCR to measure overconsolidated behaviour.

3. Express the results in terms of normalized soil
parameters (NSP) and establish NSP vs. OCR rela-
tionships, e.g. cu/0¢yc vs. OCR as in Fig. 6.

4. Use these NSP relationships and the stress hi-
story information to compute profiles of cy,etc.

Although SHANSEP
on the empirical

was originally developed based
observation that it yielded rea-
sonable results, the rationale for the reconsoli-
dation technique used to minimize the effects of
sample disturbance was predicated on the as-
sumption that natural clays exhibit normalized
behaviour. Referring to Fig.11, laboratory com-
pression curves typically approach the in situ
virgin compression curve when oy, exceeds about
1.5 to 2 times oj. Thus test specimens A and B
should have a stfucture similar to in situ normal
ly consolidated clay and hence yield reasonably
NSP. Likewise, tests C and D give data on samples
having a well defined overconsolidation ratio.
Ladd and Foott (1974) state that: "The possibili-
ty exists that (the above reconsolidation techni-
que) will destroy some important aspect of soil
structure that has developed during and after for
mation of the clay deposit". They also note: "...
this is clearly true with highly structured 'quick’'
clays and with naturally cemented deposits". But
severe critics of SHANSEP like Mesri (1975) state
that: "all natural clays possess a structure that
is destroyed ..." and its reconsolidation techni-
que "does not overcome sample disturbance; on the
contrary if further remolds and disturbs the na-
tural structure of the clay". This opinion was
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endorsed by Tavenas and Leroueil (1977, 1980),

who presented examples of its limitations using
test data on Champlain sea clays. The results
illustrated Figs.4 and 7 also clearly show that
SHANSEP will severely underestimate the brittle
nature and high peak strength of very sensitive
cemented clays.

The writers agree with Ladd and Foott's (1980)
views, who in essence state: (1) all natural over
consolidated clays develop a structure over their
geologic history that cannot be precisely duplica
ted via mechanical overconsolidation in the labo-
ratory; (2) the Champlain clays represent a spe-
cial case; (3) with more ordinary clays (e.g. Iy,
typically less than unity), the practical question
is the degree to which the SHANSEP reconsolidation
procedure alters the structure and hence whether
or not it will provide a reasonable estimate of in
situ properties, especially when compared with o-
ther available techniques; (4) quantitative as-
sessment of potential errors are difficult to mea
sure in the laboratory since it requires testing
natural clay samples that truly retain their in
situ structure.

Ladd and Foot (1980) presented the results in
Fig.12, which compares undrained stress-strain
triaxial compression data on a block sample of
Connecticut Valley varved clay using the Recompres
sion and SHANSEP techniques (Ko assumed equal to
unity at the in situ OCR of 4). The agreement is
considered reasonable for engineering practice.

015
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Fig.12: Comparison of Undrained Triaxial Strength
Testing Procedures on Block Sample of
Connecticut Valley Varved Clay [After
Sambhandharaska (1977)].



Moreover, SHANSEP tests on tube samples, where
disturbance produced much lower UUC strengths,
yielded cy/0oye Vs. OCR relationships similar to
those obtained with the block sample (though
less true regarding modulus, which is mich more
sensitive to the exact testing procedure).
Unpublished research by the Norwegian Geotechni
cal Institute also showed nearly identical
stress-strain curves from Recompression and
SHANSEP CKpU triaxial compression and extension
tests run on 200 mm fixed piston samples of pla
stic Drammen clay (OCR=1.5).

Similar research is needed on a variety of clay
deposits. However, before reaching general con-
clusions, the research should also include re-
sults on samples having varying degrees of di-
sturbance.

2.3.4. Summary and Conclusions

The Recompression technique:

1. Is clearly superior for highly structured
high Sy and Ij deposits, such as typical of
eastern Canada, where accurate small strain be-
haviour may also require block quality samples.

2. Is preferred whenever block quality samples
are available and for testing weathered and
highly overconsolidated deposits where SHANSEP
is difficult to apply.

3. As a result of sample disturbance, can unde-
restimate cy in overconsolidated cemented depo
sits (well documented for Champlain clays) and
may overestimate cy in normally to lightly over
consolidated "ordinary" clays (more an opinion
than proven fact).

4. Requires an estimate of the in situ Ko, al-
though resulting errors are probably not signi
ficant compared to potential adverse effects of
disturbance.

5. Should always be accompanied by measurements
of the in situ stress history in order to (1)
estimate Ky; (2) extrapolate and interpolate
the "point" data; and (3) check the reasonable-
ness of the measured cy/oyo values.

The SHANSEP technique:

1. Requires a more accurate estimate of the in
situ stress history and is strictly applicable
only to mechanically overconsolidated and tru-
ly normally consolidated deposits having ideal
normalized behaviour.

2. Involves more extensive (and expensive) te-
sting, especially regarding CK U triaxial (or
plane strain) tests which should closely follow
a Ky stress path. Special cells such as descri-
bed by Campanella and Vaid (1972) or Bishop and
Wesley (1975) greatly simplify this task.

3. Is preferred for testing tube samples from re
latively deep deposits of low OCR "ordinary"
clays (again more an opinion than proven fact).

4. Has the distinct advantage of developing norma
lized stress-strain-strength parameters than
can be used on subsequent projects involving
the same deposit (especially if they have yiel-
ded acceptable results based on evaluated field
experience) .

Unconsolidated-undrained testing:

1. Cannot yield meaningful stress-strain data be
cause such tests do not start from the correct
initial stress state and are seriously affected

by sample disturbance (even with block quality
samples) .

2. Often give unreliable and highly scattered cy
data due to varying degrees of sample disturban
ce plus uncontrolled effects from strain rate
and anisotropy.

Discussion topics and research needs:

1. Have researchers conducted programs, such as
done for the Champlain Sea clays, on a variety
of soil types to well document the specific ef-
fects of sample disturbance..

2. Assuming a negative answer, systematic studies
comparing results from Recompression and SHANSEP
testing on block samples subjected to varying
degrees of disturbance are sorely needed for a
variety of "ordinary" clays having different a-
mounts of overconsolidation.

3. There is also a need for further research in-
to the causes of sample disturbance. As one
example, Baligh (1984) has used the "strain path"
technique to evaluate the influence of sampler
geometry on strains induced during sampling.

2.4, STRENGTH-DEFORMATION CHARACTERISTICS UNDER
GENERALIZED STATES OF STRESS

2.4.1. Introduction

A state of stress is defined by the magnitudes
and directions of the three principal stresses
(01, o2 and o3) and generalized states of stress
denote all possible conditions. For most practi-
cal field problems and when comparing various la
boratory testing devices, it is usually sufficient
to describe basic differences in the applied state
of stress (applied stress system) by two varia-
bles: (1) the direction of the applied major prin
cipal stress relative to the vertical (depositio-
nal) direction denoted by the § angle; and (2)
the relative magnitude of the intermediate princi
pal stress as defined by b = (g3 -03) / (07 - 03).
Changes in the values of § and b lead to diffe-
rent stress-strain responses due to anisotropy
and the oy effect respectively.

The ability to measure soil behaviour under dif-
ferent applied stress systems, i.e. under genera
lized states of stress, is required to obtain in
put parameters for most sophisticated soil models
(e.g. certainly for Category I in Table I and
often for Category II) and to generate basic know
ledge needed to develop improved constitutive re-
lationships. This latter knowledge also helps e-
valuate likely errors associated with results
from tests that do not exactly duplicate in situ
stress paths, e.g. use of triaxial test data for
a plane strain field problem.

This section focuses on anisotropy because little
data and much confusion exist compared to our un-
derstanding of op effects. After describing dif-
ferent types of anisotropy and illustrating their
effects, the section gives an assessment of the
current ability (or inability) to measure aniso-
tropy and then concludes with an overview of re-
search needs.

2.4.2. Anisotropy: Initial and Evolving

Consider identical samples from a horizontal depo
sit wherein the soil was deposited in the verti-
cal (z axis) direction and underwent only one-di-
mensional strains, i.e. Ko consolidation and re-
bound. Figure 13(a) shows the sample orientation
for testing with the directional shear cell (DSC)
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Fig.13: Measurement of Anisotropy with the
Directional Shear Cell.

that will be used to illustrate anisotropy. This
plane strain shear apparatus, described subse-
quently, controls the major principal stress di-
rection by varying the normal stresses, Oa and
op, and the shear stresses, T4 = —Tp: acting on
four faces of cubical sample constrained between
two rigid end plattens, as illustrated in Figure
13(b).

When the cubical sample is placed in the DSC such
that shear occurs in the x-z plane [see Figure
13(c)], the device measures the influence of ani-
sotropy by varying the oy direction between the
z-axis and the x-axis, i.e. § increasing from 0°
to 90°. Such a test series simulates conditions
for elements within the failure zone beneath a
strip footing. When the cubical sample is placed
so that shear occurs in the x-y plane [see Figure
13(d)], the response of the sample is independent
of the o1 direction (the Yy angle) since soil pro-
perties are the same in all radial directions.
This stress system simulates cavity expansion and
the self-boring pressuremeter test. The response
will be different from the above § = 90° test
sheared in the x-z plane since the soil is cross-
anisotropic. This fact illustrates that § and b
are not adequate to completely define states of
stress since both are plane strain tests having
§=90°, but the first is sheared in the x-2 plane
and the second in the x-y plane.

Fig.14(a), which plots results from drained tests
run in the DSC on loose Leighton Buzzard sand,
shows very dramatic effects of anisotropy on
stress-strain behaviour. For samples sheared in
the x-z plane (varying 6 angle), anisotropy not
only greatly reduced the modulus, but also caused
a basic change in the shape of the curves. Shea-
ring in the "isotropic" x-y plane produced a re-=
sponse about equal to that for § = 45° . Figure
14(b) shows corresponding data from undrained DSC
tests performed on resedimented Boston Blue clay
having a nominal OCR=4. Although the initial modu
lus remains constant, anisotropy has a very pro-
nounced effect on the yield stress, the

modulus at yield and the peak strength.
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Strain Monotonic Loading in the Directio-
nal Shear Cell: (a) Drained Shear of
Loose Leighton Buzzard Sand [Arthur et
al. (1981)] and (b) Undrained Shear of
OCR=4 Resedimented Boston Blue Clay

[Ladd et al. (1985)].

The above data were all obtained from tests ha-
ving an initial isotropic state of stress. Hence
the observed anisotropy must have resulted enti-
rely from a preferred soil structure developed
during one-dimensional deposition. This type of
anisotropy is commonly called inherent anisotropy.
Mitchell (1976) summarizes measurements of pre-
ferred interparticle contacts in granular mate-
rials and of preferred particle orientations

(soil fabric) in both sands and clays. Macrosco-
pic variations in fabric can also produce inhe-
rent anisotropy; examples are stiff fissured clays
and varved glacial lake deposits containing alter-
nating layers of "silt" and "clay" [Ladd et al.
(1977)]. In any case, inherent anisotropy will
lead to directional changes in basic material pro
perties governing elastic behaviour, plastic be-
haviour and failure.

Soils can also exhibit directional dependent un-
drained strengths whenever shearing starts from
an anisotropic initial state of stress. Hansen
and Gibson (1949) first predicted the existence
of this type of anisotropy which, for lack of a
better term, will be called initial shear stress
anisotropy [Section 2.2.2. of Ladd et al. (1977)
used the term stress system induced anisotropy

to describe the same phenomenon]. The developed
theoretical expressions for the variations in
undrained strength with mode of failure for nor-



mally consolidated clays as a function of K,, the
Hvorslev strength parameters and the equivalent
of Skempton's pore pressure parameter Af |[see Dun
can and Seed (1956) for an updated version].
Their plane strain predictions showed

Cy/ 9y
OCR = 1 Clay Compression Extension
(6=0°) (6=90°)

Lean Sensitive 0:331 04193
(K . =i0.45)

o
Plastic 0.282 0.252
Insensitive
(KO =0.75)

where ¢, =qf =0.5 (01-03)f. It should be emphasi-
zed that these strength ratios were computed using
isotropic material properties, i.e. assuming no
inherent anisotropy. Hence the changes in cy re-
sult solely from the fact that different incre-
ments of shear stress are required to produce fai
lure as o041f varies between the vertical (§=0°)
and the horizontal (8=90°) direction.

The above initial shear stress anisotropy helps
explain the undrained behaviour of soils and it
should be considered when conducting test pro-
grams or interpreting cu test data. But this ef-
fect can be theoretically computed from a know-
ledge of material properties, be they isotropic
or anisotropic. Hence from a fundamental view-
point, it is not a "material" anisotropy.

The anisotropic stress-strain-strength behaviour
measured during monotonic loading (shearing) of
identical samples will be called initial aniso-
tropy. Soils that have undergone one-dimensional
deposition and straining have cross-anisotropic
initial material properties due to inherent ani-
sotropy. In addition, when Ko is not equal to u-
nity, undrained behaviour is also affected by i-
nitial shear stress anisotropy.

Soils can also attain their initial anisotropy
due to prestraining. Results from drained tests
run on sand in the directional shear cell will be
used to illustrate this strain induced anisotropy.
Loose sand was deposited along the z-axis and
placed in the DSC for testing in the isotropic
x-y plane [Fig.13(d)]. The effects of strain in-
duced anisotropy were then investigated as fol-
lows (0} always kept constant):

1. Prestrain the initially isotropic test speci-
men during a first shear to R=04/0]=4.0 with
01 acting at some given direction, say y,.

2. Unload the sample and then perform a second
shear at a different 01 direction, say ¥g.

3. This produces a rotation in the o9 direction
of 6= U)B— VA .

Arthur et al. (1977) first conducted such tests
and Fig.15 plots results from a similar series
run at MIT on the same sand previously used to
illustrate inherent anisotropy [shown in Figure
14(a)J. Compared to isotropic sand, the data
show that strain induced anisotropy produces:
(1) a much stiffer response, with characteristic
hyperbolic stress-strain curves, at small rota-
tion angles; and (2) a much softer response, with
an almost linear R vs. €1 relationship, at large
8 angles. But a fundamental difference exists

AVERAGE MONOTONIC
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DURING FIRST SHEAR
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Example of Strain Induced Anisotropy for
Loose Leighton Buzzard Sand Tested in
the Directional Shear Cell [Arthur et
al. (1981)].

between inherent and strain induced anisotropy.
Whereas inherent caused a continuous increase in
strain as § rotated from O to 90°, the strains

in the tests with strain induced anisotropy rise
to a maximum at 6 = 70 * 10° and then decrease

at 8 = 90°. This important difference also occur-
red with dense sand Eﬁrthur et al. (1977),(1981)1.
Initial anisotropy is now generally recognized to
be an important aspect of soil behaviour. Advan-
ces in soil modeling are such that the theoreti-
cal ability to reasonably predict the in situ re-
sponse of horizontal soil deposits under monoto-
nic loadings having different o1 directions is
better than the experimental ability to provide
accurate input parameters. Moreover, some soil
models have gone one step further by considering
evolving anisotropy [Dafalias in RNESE (1983)].
What is meant by evolving anisotropy? It descri-
bes how the initial anisotropy of a soil changes
due to subsequent stressing or straining. For
example, the initial cross-anisotropic properties
of a Ko consolidated sample will become less pro-
nounced if unloaded and then subjected to large
hydrostatic compression, i.e. the initial aniso-
tropy will evolve towards isotropy. Or if the
same sample is stressed at some § # O angle to
produce substantial plastic strains, unloaded and
then sheared at varying § angles, the measured
response will be different from that of the "vir-
gin" sample. Thus the problem of anisotropy not
only entails identification of its initial featu-
res but also development of laws describing its
evolution. Moreover, both initial and evolving a-
nisotropy can influence all three components of
soil modeling: elastic behaviour, plastic beha-
viour and failure.

Evolving anisotropy is especially important in
problems involving large stress reversals; one
prime example is the foundation response of a gra
vity offshore platform subjected to wave action.
Arthur et al. (1980) used the directional shear
cell to measure the accumulated strains developed
during drained continuous cyclic shearing. Typi-
cal results for dense Leighton Buzzard sand after
50 cycles wherein R= 04/ 0§ was kept approximate-
ly constant during each test are:
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o% Rotation R Accumulated €, (%)
40° 3.3 0.25
4.0 1.3
4.8 3.4
70° 3.4 0.8
4.2 12.4
5.6 = 20
5 for initial monotonic

(Note: Rf was about 7.
loading)

Evolving anisotropy is also important when at-
tempting to predict the behaviour of axially
loaded friction piles in clay. Pile installation
first causes intense shearing of the adjacent
soil thereby altering its in situ initial aniso-
tropy, and subsequent reconsolidation produces
further changes. The MIT effective stress soil
model developed by Kavvadas and Baligh (1982)
considers evolving anisotropy via a kinematic
hardening rule that allows continuous rotation
of the yield surfaces. Several other soil models
ré.g. Prevost and Hdeg (1977)] have also incor-
porated evolving anisotropy in order to predict
behaviour for complex stress paths having cyclic
loading conditions especially pertinent to off-
shore construction. However, little experimental
data exist that can be used to check the validi-
ty of the "laws of evolution" assumed in these
models.

2.4.3. Experimental Capabilities

This section assesses various laboratory shear de
vices regarding their capability to measure
strength-deformation characteristics under gene-
ralized states of stress. It first treats three
representative devices considered best suited

for basic research into the effects of anisotropy
(6§ angle) and the intermediate principal stress
(b parameter) on constitutive relationships. It
then discusses testing procedures that can be em
ployed in engineering practice to evaluate ani-
sotropy for stability problems and/or to obtain
input parameters for anisotropic soil models. The
focus is on behaviour during monotonic loading,
i.e. initial rather than evolving anisotropy and
effects of cyclic loadings.

The writers' specifications for a shear device
ideally suited for basic research would include
the following characteristics:

1. Have uniform and well-defined states of stress
and strain, at least prior to formation of ruptu
re surfaces.

2. Provide accurate data over a wide range of
strains and confining stress levels.

3. Be capable of performing both stress and strain
controlled loading, the latter usually being es-
sential to measure strain softening behaviour.

4, Be capable of performing both drained and un-
drained tests on granular and cohesive soils
having a well defined stress history and minimal
sample disturbance (the effort required to pre-
pare test specimens is often a major expense).

5. Be capable of varying the magnitude and di-
rection of all three principal stresses, or at
least be able to:

a) vary b at constant § to measure the effect of
02;
b) vary § at constant b to measure anisotropy.

6. Be relatively easy and inexpensive to operate.
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Items 1 and Sa or b are considered essential

for any meaningful research and the others are
certainly desirable, although specific require-
ments largely depend upon the research objecti-
ves, e.g. "elastic" behaviour versus plastic
behaviour and failure conditions.

Before discussing specific devices, some com-
ments on stress-strain uniformity are in order.
Most stress-strain data come from devices with
rigid end plattens (i.e. the conventional
triaxial cell) wherein average strains are com-
puted from boundary displacements and overall
volume changes. Stress distributions along the
end plattens are seldom measured. Hence little
data exist to indicate the possible magnitude

of nonuniformities in stress or strain within the
samples. In contrast, Arthur and his colleagues
at University College London routinely measure
strain distributions within samples by using ra-
diography (embedded lead shot) or photography
(inked lines on a sample boundary). Their data
show substantial variations in strain for presu-
mably very uniform sand within the middle third
of triaxial specimens having rigid ends and
within flexible boundary shear devices [}rthur
et al. (1981) This result suggests that more
emphasis should be placed on measuring strain
distributions in order to check stress-strain
uniformity.

The three shear devices to be discussed are:

the true triaxial apparatus (TTA); the directio-
nal shear cell (DSC); and the torsional shear
hollow cylinder (TSHC). Saada and Townsend (1981)
present a comprehensive evaluation of these and
other strength testing devices, with emphasis on
their research capabilities. They provide exten-
sive references and also a somewhat different
viewpoint than expressed here regarding the DSC
and TSHC.

Figure 16 illustrates combinations of b and §
that can be achieved by the three devices and
for comparison, the location of conventional
triaxial compression and extension tests. Te-
sting of samples trimmed at various inclinations
to the vertical depositional direction (z-axis)
are excluded because: the specimen cannot be
properly Koy consolidated; and bending moments
and shearing forces are generated at the ends
when an inclined specimen is tested between ri-
gid end plattens [Saada (1970), Saada and Bian-
chini (1977)].

The true triaxial apparatus (TTA) is ideally sui
ted to investigate oy effects, and numerous u-
sually cubical devices exist having all rigid,
all flexible or mixed boundary conditions. Sture
and Desai (1979) and Saada and Townsend (1981)
compare their attributes and give references.
Most have been used to study sands, with consi-
stent results for O < b < 0.5, but divergent
trends at higher b values [e.g. b vs. ¢' in Fi-
gure 13 of Ladd et al. (1977)].Whether the dif-
ferences are real or due to apparatus problems is
not clear. Relatively few devices have been deve-
loped to test cohesive soils as they are usually
more complex, and most data are from remolded ma
terials Tﬁ.g. Lade and Musante (1978)].

The TTA has very limited ability to study aniso-
tropy since 01 must act along the x, y or z
axes. Hence, for plane strain conditions, it is
restricted to simulating:
. §= 0° with 0z > ox = 02 > oy
. 8§ =90°, with 0, < oy = 03 < 0O

Cavity extension, 6=90°, with ox > 0,=02 > Oy
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