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ABSTRACT: This paper reviews and evaluates the current use of fundamental mechanics in developing ra-
tional interpretation methods for deriving soil properties from in situ test results. The focus is on some of the
most widely used in situ test devices including cone penetrometers with and without pore pressure measure-
ments (CPTU and CPT), self-boring and cone pressuremeters (SBPMT and CPMT), and flat dilatometers
(DMT). In situ tests in both cohesive and frictional soils for measuring strength and stiffness properties, in

situ state parameters, consolidation coefficients, stress history and in situ stresses are considered in detail.

1 INTRODUCTION

In his foreword to the Author’s book ‘Cavity Expan-
sion Methods in Geomechanics’ (Yu, 2000), Profes-
sor James K. Mitchell stated:

“The ability to treat the results of cone penetration
and pressuremeter tests in sand and clay on a real-
istic theoretical basis enhances their value for site
characterisation and determination of relevant soil
mechanical properties’.

The preparation of this inaugural Mitchell Lecture
therefore provides a good opportunity to conduct a
brief review of the current use of both continuum
and particle mechanics in the interpretation of in situ
soil tests for measuring design parameters. Because
of time and space constraints, the review will be se-
lective, and is organised in terms of different in situ
tests and their related interpretation methods. The
focus will be on the interpretation of cone penetra-
tion tests (CPT/CPTU), self-boring and cone pres-
suremeter tests (SBPMT/CPMT) and flat dilatometer
tests (DMT) that is based on a sound understanding
of the mechanics of these tests. The selected topics
cover more recent developments and, to some ex-
tent, also reflect the Author’s own research interests
in the area.

In situ testing serves a number of purposes in geo-
technical engineering, which include (Ladd et al.,
1977; Wroth, 1984; Jamiokowski et al., 1985):

e  Site classification and soil profiling.

e Measurement of a specific property of the ground.

e Development of empirical rules for foundation
design.

e Control of construction.

e Monitoring of performance and back analysis.

Whilst all these operations will benefit from a
good understanding of the mechanics of in situ tests,
it is essential if an accurate measurement of a spe-
cific property of the ground is to be made. This is
because, unlike laboratory testing, in situ testing is
generally an indirect technique as soil properties
cannot be obtained directly from measured response
without solving it as a boundary value problem.

In a most comprehensive review on the measure-
ment of soil properties in situ, Mitchell et al. (1978)
identified the following main reasons for the in-
creased use of field testing:

e To determine properties of soils, such as
continental shelf and sea floor sediments and
sands, that cannot be easily sampled in the
undisturbed state.

e To avoid some of the difficulties of laboratory
testing, such as sample disturbance and the
proper simulation of in situ stresses, temperature
and chemical and biological environments.

e To test a volume of soil larger than can conven-
iently be tested in the laboratory.



e To increase the cost effectiveness of an explora-
tion and testing programme.

However it has also long been realised (Wroth,
1984) that the interpretation of in situ tests is beset
with difficulties especially if their results are needed
to assess the stress-strain and strength characteristics
of the tested soils. Jamiokowski (1988) highlighted
the following difficulties that could form the major
sources of uncertainty:

1) With the exception of the self-boring pressure-
meter tests (SBPMT) and some geophysical
tests, all other in situ tests represent complex
boundary value problems rendering their theo-
retical interpretation very difficult.

2) The drainage conditions during in situ tests are
usually poorly controlled and present the prob-
lem of determining whether the tests have been
performed in undrained, drained or partially
drained conditions.

3) Frequently, during the execution of in situ tests
the soil involved is subjected to effective stress
paths (ESP) which are very different from those
representative of the relevant engineering prob-
lem. Hence, the measured soil stress-strain re-
sponse is ESP dependent, and reflects its anisot-
ropic and elastoplastic behaviour. This
represents one of the most difficult problems
when interpreting in situ test results.

4) Due to the highly pronounced nonlinear behav-
iour of all soils, even at small strains, it is diffi-
cult to link the stress-strain characteristics ob-
tained from in situ tests to the stress or strain
level relevant to the solution of the specific de-
sign problem.

Despite a large amount of empiricism and over-
simplified assumptions involved with interpretation,
in situ testing has and will continue to play a key
role in the characterisation of natural soil deposits.
Table 1 lists some of the fundamental soil properties
that in situ testing can measure with a sound theo-
retical basis.

Table 1: Some current in situ testing capabilities for measuring soil properties

Test Measured properties Selected references
Cone penetration tests Soil profiling Robertson (1986)
(CPT/CPTU) Stress history (OCR) Wroth (1984), Mayne (1993)

Consolidation coefficient
In situ state parameter for sand
Undrained shear strength
Hydrostatic pore pressure

Baligh and Levadoux (1986)
Teh (1987)

Been et al. (1987)

Yu and Mitchell (1998)
Lunne et al. (1997)

Self-boring pressuremeter tests
(SBPMT)

Horizontal in situ stress

Shear modulus

Shear strength

Stress-strain curve

In situ state parameter for sand
Consolidation coefficient
Small strain stiffness

Jamiolkowski et al. (1985)
Wroth (1982)

Gibson and Anderson (1961) Hug-
hes et al. (1977)

Palmer (1972)

Manassero (1989)

Yu (1994, 1996, 2000)
Clarke et al. (1979)

Byrne et al. (1990)
Jardine (1992)

Fahey and Carter (1993)
Bolton and Whittle (1999)

Cone pressuremeter tests (CPMT)

Horizontal in situ stress

Houlsby and Withers (1988)

Shear modulus Schnaid (1990)
Shear strength Yu (1990)
In situ state parameter for sand Yu et al. (1996)

Flat dilatometer tests (DMT) Soil profiling Marchetti (1980)
Horizontal in situ stress Mayne and Martin (1998)
Stress history (OCR) Finno (1993)
Shear strength Huang (1989)

In situ state parameter for sand

The present paper - Yu (2004)
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Given the interpretation of an in situ test requires
the analysis of a corresponding boundary value
problem, some simplifying assumptions will have to
be made as in the case of solving any other boundary
value problems. In particular, assumptions will have
to be made with respect to the following three as-
pects:

1) Geometry and boundary conditions.
2) Soil behaviour.
3) Water drainage conditions.

2 SELF-BORING PRESSUREMETER TESTS IN
CLAY

2.1 Overview

The self-boring pressuremeter (shown in Figure 1)
has been established as one of the best in situ testing
devices for measuring soil properties since its initial
development over three decades ago in France (Ba-
guelin et al., 1972) and the UK (Wroth and Hughes,
1972). Almost all the theoretical interpretation
methods developed for it were based on the funda-
mental assumption that the pressuremeter geometry
is such that the test can be simulated as the expan-
sion and/or contraction of an infinitely long, cylin-
drical cavity in the soil. The advantage of this fun-
damental assumption is that the pressuremeter
problem becomes one-dimensional for which many
analytical solutions exist even for complex soil
models (Yu, 2000). For tests in clay, it is often as-
sumed that the test is carried out fast enough so that
the undrained condition may be valid. With respect
to soil behaviour, many models of various complexi-
ties (e.g., linear or nonlinear elastic together with
perfectly plastic or strain hardening plastic models)
have been used in the interpretation.

In recent years, the validity of these earlier as-
sumptions with respect to pressuremeter geometry,
water drainage and soil behaviour has been assessed
in detail by numerical methods. It is now known that
some of these simplifying assumptions could lead to
significant errors in the derived soil properties.

2.2 Undrained shear strength

Self-boring pressuremeters are frequently used to
determine undrained shear strengths of clays. Most
interpretation methods take the following steps:
First, a complete stress-strain relation is assumed for
the soil, based on which the theoretical pressureme-
ter curves can be obtained by analysing the test as a
cylindrical cavity expansion problem, either analyti-
cally or numerically. Then by matching some key or
all parts of the theoretical pressuremeter curves with

those of a real pressuremeter test curve, the
undrained shear strength may be estimated. Exam-
ples of the interpretation methods include Gibson
and Anderson (1961), Jefferies (1988), and Yu and
Collins (1998).
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Figure 1: The Cambridge self-boring pressuremeter

2.2.1 Total stress loading analysis

Gibson and Anderson (1961) were among the first to
use cavity expansion theory to develop interpretation
methods for deriving soil properties from pressure-
meter test results. In their analysis, the clay was as-
sumed to behave as a linear elastic-perfectly plastic
Tresca material obeying the following failure crite-
rion:

0,—0; =25, ey

where o and o;are the major and minor principal
stresses, and S,is the undrained shear strength,

whose value is not unique for a clay but depends on
stress conditions imposed by a particular test
(Wroth, 1984).

The pressuremeter test was idealised as the ex-
pansion of an infinitely long, cylindrical cavity in
soil under undrained conditions. For simplicity, a to-
tal stress formulation was used in the analysis of
Gibson and Anderson (1961). With the above as-
sumptions, cavity expansion theory can be used to
give the following theoretical pressuremeter expan-
sion curve at the stage of plastic loading:
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where AV /V =(a*>-a})/a*is the volumetric

strain; aand a,are the current and initial cavity ra-
dii respectively; Pand o,,are the total pressureme-

ter pressure and total in situ horizontal stress; and G
is the shear modulus of the soil.

The theoretical pressuremeter curve, as defined
by equation (2), suggests that if pressuremeter re-
sults are plotted in terms of cavity pressure against
the logarithm of the volumetric strain, the slope of
the plastic portion (which is a straight line) is equal
to the undrained shear strength of the soil S, .

2.2.2  Total stress unloading analysis
Jefferies (1988) and Houlsby and Withers (1988) in-
dependently extended Gibson and Anderson’s solu-
tion to include unloading. Jefferies (1988) derived
the unloading solution for application to self-boring
pressuremeter tests, where some small strain as-
sumptions were used to simplify the mathematics.
On the other hand, Houlsby and Withers (1988)
were concerned with cone pressuremeter tests for
which a large strain analysis is necessary.

The small strain cavity unloading solution, as de-
rived by Jefferies (1988), can be expressed in the
following form:

p=p._ —25 1+ &
SM
-28, 1n{amax _ a} 3)
a a

where a,, is the cavity radius at the end of the load-
ing stage, P, is the cavity pressure at the end of the

loading stage and a denotes cavity radius at any
stage of pressuremeter unloading.

The theoretical pressuremeter unloading solution,
as defined by equation (3), suggests that if the pres-
suremeter unloading results are presented as the
pressuremeter pressure versus —In(a,, /a—a/a,, ),
the slope of the plastic unloading portion (which is a
straight line) is equal to twice the soil undrained
shear strength.

2.2.3 Total stress analysis with a hyperbolic soil
model

If the stress-strain behaviour of clay can be de-

scribed by a hyperbolic equation, then closed form

solutions can be obtained for cavity expansion

curves if elastic strains are ignored (Prevost and
Hoeg, 1975; Denby and Clough, 1980). Both strain
hardening and strain softening may be considered.
For example, in the case of strain hardening, the
stress-strain relation may be described as follows:

4
- 4
q D”qu 4)

where ¢ is defined as V3/2 times the difference of
the major and minor principal stresses and y is
shear strain (i.e. the difference between the major
and minor principal strains). D is a soil constant and
the second soil constant ¢, is the ultimate shear

stress (i.e. /3 times the undrained shear strength). It
then follows that the pressuremeter loading curve
can be described as a function of two soil constants
D and ¢, in the following closed form:

q 2
P=0, +—In1+——¢, ®))
w12 |

wheres, =(a—a,)/a, is the cavity strain. In prac-
tice, the constant D may be easily chosen for a given
soil. If this is the case, pressuremeter loading curves
may be used to estimate the ultimate shear stress
(strength). This can be achieved by plotting the pres-
suremeter loading results in terms of cavity pressure

2
V3D
suremeter curve in this plot should be equal to the
undrained shear strength S, .

P versus ln(1+ scj. The slope of the pres-

2.2.4 Effective stress analysis with critical state
models
The self-boring pressuremeter test in clay is usually
interpreted using undrained cavity expansion theory
based on total stresses. This is reasonably accurate
for normally and lightly overconsolidated clays
where the shear resistance of the soil does not
change significantly during the pressuremeter test.
For heavily overconsolidated clay, however, the
shear resistance may vary considerably with defor-
mation history and this cannot be easily accounted
for by the total stress approach with a perfectly plas-
tic soil model.

Collins and Yu (1996) were the first to derive
analytical solutions for large strain cavity expansion
in critical state soils. Using these analytical solu-
tions, Yu and Collins (1998) showed that the direct
application of the total stress-based interpretation
method of Gibson and Anderson (1961) is accurate
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for soils with low overconsolidation ratio (OCR) val-
ues. However the total stress approach tends to
underestimate undrained shear strength of the soil
for heavily overconsolidated soils. As shown in Fig-
ure 2, the underestimate could be as high as 50% for
soils with a very high OCR value. A more detailed
discussion can be found in Yu and Collins (1998)
and Yu (2000).
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Figure 2: Ratio of pressuremeter strength Sf M to triaxial

strength S, versus OCR (after Yu and Collins, 1998)

2.3 Complete shear stress-strain curve

The development of a method for deducing a com-
plete shear stress-strain curve from measured pres-
suremeter expansion results was generally attributed
to Palmer (1972), Baguelin et al. (1972) and Ladanyi
(1972). As noted by Hill (1950), however, the same
procedure for deriving shear stress-strain relation
from a known cavity expansion curve had been out-
lined many years earlier by W.M. Shepherd, as re-
ported in Morrison (1948). The key feature of this
alternative approach lies on the fact that there is no
need to assume a specific form of stress-strain rela-
tions apart from a plastic flow rule (i.e., incom-
pressibility for undrained loading).

It can be shown (Yu, 2000) that the shear stress
definition and the incompressibility condition lead to
the following cavity expansion curve:

Ee

P:0‘h0+.[ T ©)
b ¢

where g, is the cavity strain and 7 is shear stress.

The above equation can be used to derive the follow-
ing shear stress-strain relation:
dP
T=8,— (7
de )

c

in which the derivative dP/de,is readily obtained
from the measured pressuremeter results in terms of
P versus ¢,.

It has now been recognised that a serious limita-
tion of this method is that the derived stress-strain
curve appears to be very sensitive to initial distur-
bance and the datum selected for the strain (Wroth,
1984; Mair and Wood, 1987).

2.4 Consolidation coefficients

Another soil property that can be measured with a
self-boring pressuremeter is the horizontal consoli-
dation coefficient c¢,. Such a measurement can be

made by conducting either a ‘strain holding test’
(Clarke et al., 1979) or a ‘pressure holding test’ (Fa-
hey and Carter, 1986).

When a pressuremeter is expanded in clay under
undrained conditions, excess pore pressures are gen-
erated in the surrounding soil which is deformed
plastically. If at this stage the diameter of the pres-
suremeter is held constant, relaxation of soil is ob-
served by the decrease of the measured excess pore
pressure and the total cavity pressure. This is called
a strain-holding test. On the other hand, if the total
pressure is held constant, relaxation occurs as the
decrease of the measured excess pore pressure and
the continuing increase in cavity diameter. This is
called a pressure-holding test.

If the pressuremeter expansion is modelled as a
cylindrical cavity expansion process in a Tresca soil,
then it can be shown (Gibson and Anderson, 1961)
that the excess pore pressure takes a maximum at the
cavity wall, which is linked to the cavity volumetric
strain by

AU, =S,1n G +S, ln[ﬂj ®)
S vV

u

If the cavity radius is held constant (i.e., strain
holding test), the excess pore pressure dissipates.
The consolidation coefficient may be estimated us-
ing a dimensional time factor Ty, = c,t,,/a’ , where
ts, is the time taken for the excess pore pressure to

fall to half its maximum value.

By assuming that soil behaves as an entirely elas-
tic material during consolidation, a closed form solu-
tion for the time dependence of the excess pore pres-
sures around a cavity was derived by Randolph and
Wroth (1979). A subsequent elastoplastic consolida-
tion analysis carried out by Carter et al. (1979) using
the finite element method confirmed that the elastic
consolidation analysis of Randolph and Wroth
(1979) is sufficiently accurate. In particular, a rela-
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tionship between the normalised maximum excess
pore pressure AU, . /S, and the time factor T, was
obtained and is plotted in Figure 3.
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Figure 3: Time for 50% pore pressure decay at the cavity wall
(after Randolph and Wroth, 1979)

It then follows that with the actual time ¢, and

the normalised maximum excess pore pressure at the
cavity wall measured in pressuremeter strain-holding
tests, the correlation, as shown in Figure 3, can be
used to determine the horizontal consolidation coef-
ficient c,,.

2.5 Shear modulus and non-linear stiffness

Wroth (1982) noted that a major use of the self-
boring pressuremeter is to measure soil stiffness. As
stressed by Jamiolkowski et al. (1985) and Mair and
Wood (1987), the measurements obtained at the ini-
tial stage of a pressuremeter expansion test are not
usually reliable. Therefore emphasis is more often
placed on using small unloading-reloading loops at
later stages of the tests for estimating soil stiffness.
For a linear-elastic/plastic soil, cylindrical cavity ex-
pansion theory suggests that the shear modulus of
the soil is equal to half the slope of an unloading-
reloading loop of a pressuremeter curve. However it
is well known that soil behaviour is often highly
nonlinear even at small strains (e.g., Burland, 1989).
In other words, the secant shear modulus of a soil is
the highest at very small strains and tends to de-
crease considerably with increasing shear strain.

If the soil being tested is linear-elastic/plastic
then in theory the unloading curve should coincide
with reloading curve for a pressuremeter unloading-
reloading loop. The slope of such an elastic pres-
suremeter loop is twice the shear modulus of the
soil. Otherwise the small strain behaviour of the soil
would be nonlinear and in this case, the interpreta-
tion of the pressuremeter results would be more

complex because of the strain dependence of the
stiffness (Jardine, 1992). For a nonlinear-elastic
stress-strain behaviour, a number of theories can be
used to describe it. Simple and well-known exam-
ples include those based on a power law (Bolton and
Whittle, 1999) and a hyperbolic equation (Denby
and Clough, 1980).

If an elastic soil stress-strain relationship can be
described by the following power law:

t=Gy’ ©)

where 7 is the shear stress (i.e. half of the difference
between the major and minor principal stresses) and
y is the shear strain. G, and £ are two nonlinear elas-
tic constants and the value of f is between 0 and 1.
Obviously G, is the shear modulus for a linear elas-
tic material when £ =1. It would be useful if we
could derive the soil constants G,and £ from pres-
suremeter test results.

Cavity expansion theory suggests that for an elas-
tic material governed by equation (9), the following
initial elastic cavity stress-strain relation from rest
may be derived (Ladanyi and Johnston, 1974; Bol-
ton and Whittle, 1999):

P=P, +%7f (10a)
or

G
In(P-P,)= h{ﬂ’jJr Bln(y,) (10b)

where the shear strain at the cavity wall is defined as
7. =2In(a/a,) with aand a,being the current and
initial cavity radii respectively. P and Fjare the
current and initial cavity pressures respectively.

Now consider the case when the cavity pressure
has increased to a value say, P, then it is gradu-
ally reduced. In this case (i.e., pressuremeter unload-
ing), we can derive the following theoretical rela-
tionship between cavity pressure and contraction
(note the initial condition is at the end of cavity
loading test):

G
P=Py 7.

5 (11a)

or

In(P,, —P)= 1{%’) +Bln(y,) (11b)

© 2004 Millpress, Rotterdam, ISBN 90 5966 009 9



where the shear strain at the cavity wall is defined as ~ and maximum cavity radius at the end of the loading
Ve = 21n(armx /a) with aand a,, being the current  stage respectively.
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Figure 4: A self-boring pressuremeter test in London clay with three unloading-reloading loops (after Bolton and Whittle, 1999)
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Figure 5: Deriving the nonlinear elastic relationship from unloading-reloading loops (after Bolton and Whittle, 1999)

Equation (11b) suggests that if the pressuremeter  that the intercept of the plot is equal to In(G,/g).
unloading results are plotted in terms of ln(P max — ) Figure 4 shows the results of a self-boring pressure-

versus In(y,)=1n(2(s, ), —2&,), then the slope is ~ meter test in London clay with three unload-

equal to the nonlinear constant . The other nonlin-  1n&/ reloading loops. By using equation (10b), Bolton
ear elastic constant G, can be derived from the fact and Whittle (1999) suggested a similar method that
1
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can be used to derive the elastic constants G, and S

(as shown in Figure 5).

Alternatively, a nonlinear-elastic stress-strain re-
lation may be described by a hyperbolic relation of
the following type:

_ 4
z-_1/Gf+;//r (12

where again two material constants are required.
They are the initial shear modulus G, and the
maximum shear stress 7, at infinite shear strain.
Using the stress-strain relation (12), cavity ex-
pansion theory can be used to give the following

theoretical cavity contraction curve for elastic pres-
suremeter unloading:

(13)

T

G,
P = Pmax - Tmax ln(l + - }/C]
Although not as easy to use as equation (11b),
equation (13) may also be used to match a measured
pressuremeter unloading curve in order to estimate
the nonlinear elastic constants G, and 7, (e.g.,

Ferreira and Robertson, 1992).

2.6 Sources of inaccuracy

The interpretation methods described in the preced-
ing sections were developed based on simplified as-
sumptions about pressuremeter geometry, water
drainage and initial disturbance. Possible inaccura-
cies of soil properties caused by these assumptions
can be assessed numerically.

2.6.1 Effect of finite pressuremeter length
All the interpretation methods described so far were
based on the fundamental assumption that the pres-
suremeter is sufficiently long so that its expansion
can be simulated as the expansion of an infinitely
long, cylindrical cavity. In reality, however, the
pressuremeter length varies depending on the type of
pressuremeter used. A typical example of a pres-
suremter is the Cambridge self-boring pressuremeter
which had a length to diameter ratio of 6. It is there-
fore necessary to use numerical methods (such as fi-
nite elements) to assess the validity of using one-
dimensional cavity expansion analysis to solve the
two-dimensional pressuremeter problem. Research
in this area was first undertaken by Yu (1990,
1993a) and Yeung and Carter (1990), who were later
followed by many other researchers.

The most important conclusion of these numeri-
cal studies was that ignoring the two-dimensional

10

pressuremeter geometry would significantly overes-
timate the undrained shear strength. For example, by
using a linear elastic perfectly plastic model obeying
the von Mises failure criterion, Yu (1990, 1993a)
obtained the following correction factor:

F, ::::'2:1—0.0211{(;6] (14)

u u

where S° is the undrained shear strength derived

from pressuremeters with a length to diameter ratio
of 6 (as for the Cambridge self-boring pressureme-
ter). The actual undrained shear strength can then be
estimated by multiplying the undrained shear
strength S¢ by a reduction factor F, given by equa-

tion (14). A more recent study of the presssuremeter
geometry effect, reported by Yu et al. (2003) using a
critical state model, suggests that effective stress
analysis gives a smaller geometry effect. In addition,
the effect is found to decrease with the OCR value of
the soil.

It was also found that the two-dimensional pres-
suremeter geometry has a quite small effect on the
measurement of stiffness (Houlsby and Carter, 1993)
and consolidation coefficients (Jang et al., 2003).

2.6.2  Effect of partial drainage and strain rate

The validity of the undrained assumption for pres-
suremeter analysis in clay has been assessed by Fio-
ravante et al. (1994) and Jang et al. (2003) amongst
others. These studies indicate that the pressuremeter
expansion can be assumed to occur under the
undrained condition at a 1%/min rate, only if the co-
efficient of permeability of the clay is less than

102 m/s . Otherwise the effect of partial drainage
would become significant and the undrained condi-
tion is no longer a valid assumption.

The effect of strain rate on pressuremeter test re-
sults was investigated in detail by Pyrah and Ander-
son (1990) and Prapaharan et al. (1989). From a pa-
rametric study in the latter paper, it was concluded
that if laboratory results at a strain rate of 0.01%/min
are the reference, then the usual pressuremeter test
gives an overestimate of the undrained shear
strength. The strain rate effects are most significant
for soils with a strain softening behaviour. For a
strain hardening soil, the pressuremeter test can
yield a derived stress-strain curve similar to that of a
material curve corresponding to the reference strain
rate.
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2.6.3  Effect of disturbance during pressuremeter
installation
Although it was commonly assumed that the instal-
lation of a self-boring pressuremeter causes no dis-
turbance to the surrounding soil, in reality some dis-
turbance would inevitably occur. As mentioned
earlier, the method for deriving stress-strain relations
from pressuremeter curves is particularly sensitive to
initial disturbance.

A theoretical study of the possible effects of ini-
tial disturbance has been reported by Aubeny et al.
(2000) using strain path analysis. This study indi-
cates that disturbance induced during ideal self-
boring penetration (i.e., where the volume of soil ex-
tracted exactly balances the volume of soil displaced
by the device) causes a reduction in lift-off pressures
compared to the in situ horizontal stress and a higher
peak undrained shear strength. The analysis also
shows that more reliable undrained shear strengths
can be derived from pressuremeter unloading tests.

3 SELF-BORING PRESSUREMETER TESTS IN
SAND

3.1 Overview

As in clay, cavity expansion theory forms the main
theoretical basis for the interpretation of self-boring
pressuremeter tests in sand. For simplicity, the tests
are assumed to be carried out under a fully drained
condition so that excess pore pressures will be zero
throughout the test. The main difference in behav-
iour between clay and sand lies in the significant
volume change occurred in sand during shear, and
this must be captured by any realistic sand model.
Over the last two decades, significant advances have
been made in the analysis of pressuremeter tests in
sand using realistic stress-strain equations of various
complexities (Yu, 2000).

3.2 Drained shear strength

Hughes et al. (1977) modified the analysis of Gibson
and Anderson (1961) to account for the effect of di-
lation during drained pressuremeter tests in sand. To
derive a closed from solution, they assumed that the
angles of friction and dilation were constant during
the pressuremeter test. From the analysis, a simple
procedure was suggested for deriving the value of
friction and dilation angles from the pressuremeter
loading results. Subsequently an interesting drained
analysis, similar to that of Palmer’s undrained analy-
sis in clay, has been proposed by Manassero (1989).
With this analysis, a stress-strain relationship can be
derived from the pressuremeter loading results pro-
vided that a plastic flow rule is assumed.

3.2.1 Angles of friction and dilation

Hughes et al. (1977) developed a small strain cavity
expansion solution that can be used to deduce the
angles of friction and dilation from the pressureme-
ter loading test results. In their analysis, the sand
was assumed to behave as an elastic-perfectly plastic
Mohr-Coulomb material obeying the following fail-
ure criterion in terms of effective stresses:

ol _l+ s%n¢ (15)
o3 l-sing
where ¢ is the angle of internal soil friction, which,
like the undrained shear strength of clay, also de-
pends on stress conditions imposed by a particular
test (Wroth, 1984). By ignoring elastic deformation
in the plastically deforming zone, the analytical so-
lution for the cavity expansion curve in the plastic
range can be approximated as follows:
In(P')=slng, + 4 (16)
where P'is  the effective cavity  pressure,
s=(1+siny)sing/(1+sing), 4 is a constant and
v is the angle of soil dilation.

The theoretical pressuremeter loading curve, as
defined by equation (16), indicates that if the pres-
suremeter results are plotted as the effective cavity
pressure P’ versus the cavity strain on a logarithmic
scale, the slope of the plastic portion (which is a
straight line) is equal to s, which is a function of the
friction angle ¢ and dilation angle y . If Rowe’s
stress-dilatancy equation is used to link the angles of
friction and dilation, we can obtain the following
formula for deducing them from the pressuremeter
loading slope and the angle of soil friction at the
critical state ¢, :

s

1+ (s —1)sing,, {17

sing =

siny =s+(s—1)sing, (18)
3.2.2 Complete stress-strain curve
As shown by Manassero (1989) and Sousa Coutinho
(1989), a pressuremeter loading curve can also be
used to deduce a complete soil stress-strain curve,
provided that a plastic flow rule can be assumed.

For dilatant sand, the relationship between the ra-
dial and hoop strains may be assumed to be related
by an unknown function f suchas &, = f (59) with

a condition that ¢, =0 wheneg, =0. The function
S must be determined numerically from the pres-
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suremeter loading test results. Yu (2000) shows that
the equations of equilibrium, strain compatibility
condition and Rowe’s stress-dilatancy relation can
be combined to give the following equation:

1+=— '
K _ 1 ngr

f—é‘g O'; dé’g

(19)

K =(+sing,)/(1-sing,)  and

f'=de, |de, . The above equation cannot be inte-

in which

grated analytically. However when applying it at the
cavity wall, the finite difference method can be used
to solve for a numerical function f and therefore
the relationship between the radial and hoop strains.
This is possible because at the cavity wall both the
effective radial stress o, and do, /degy are given
from the pressuremeter curve. The stress ratio is
linked to the function f as follows:

o _ K (20)
op f

Further application and extension of this ap-
proach were given by Ajalloeian and Yu (1998) and
Silvestri (2001). Presented in Figure 6 are derived
stress ratio-shear strain curves using this approach
from the results of model pressuremeter tests in a
large chamber obtained by Ajalloeian and Yu (1998)
with three different pressuremeter length to diameter
(L/D) ratios.

It is stressed that the above analysis is valid only
when elastic deformation can be ignored in the plas-
tically deforming zone. As will be discussed later,
this assumption could have a significant effect on
the derived soil strength properties (Yu, 1990).

60—

sof- e T o

301

Friction angle (deg.)

l
20 ’
Ii

Shear strain

Figure 6: Derived stress ratio-shear strain curves from labora-
tory pressuremeter tests (after Ajalloeian and Yu, 1998)
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3.3 In situ state parameter

A state parameter (defined as the vertical distance
between the current state and the critical state line in
the usual v—In p’ plot) was introduced by Wroth and
Bassett (1965) and Been and Jefferies (1985) to
combine the effects of both relative density and
stress level on soil behaviour in a rational way. The
state parameter concept represents an important step
forward from the conventional relative density con-
cept in characterising sand behaviour. It has been
demonstrated that many commonly used sand prop-
erties, such as the angles of friction and dilation,
normalise well to the state parameter. The practical
application of the state parameter concept is depend-
ent upon the ability to measure it in situ. To meet
this demand, Yu (1994,1996) developed a procedure
to deduce the in situ (or pre-shear) state parameter
from either loading or unloading curves of a self-
boring pressuremeter test in sand.

3.3.1 State parameter from loading results
Using a state parameter-based critical state soil
model, Yu (1994) developed an interpretation
method by which the results of a self-boring pres-
suremeter test can be correlated with the in situ sand
state parameter. It was found that for a particular
sand, a linear correlation exists between the pres-
suremeter loading slope sand the pre-shear (or in
situ) state parameter of the soil. In addition, this cor-
relation was found to be largely independent of ini-
tial stress state and soil stiffness, and may therefore
be considered to be unique for a given soil.

The numerical results obtained for six different
sands suggest that the following linear correlation
may be used for practical purposes:

& =0.59-1.85s @1

where &, is the in situ sand state parameter and s is

the measured pressuremeter loading slope. Once the
state parameter is known, the angles of friction in
situ can then be estimated using an average correla-
tion between the angle of friction and state parame-
ter (Been et al., 1987).

The validity of Yu’s analysis was further con-
firmed by Hsieh et al. (2002) using the more advan-
ced sand model MIT-S1.

3.3.2  State parameter from unloading results

As pointed out by Jamiolkowski et al. (1985), soil
disturbance during the installation of a self-boring
pressuremeter may have a significant effect on the
shape of the initial loading portion of the pressure-
meter curve. It is therefore necessary, whenever pos-
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sible, to place less reliance on interpretation methods
that are purely based on the initial portion of the test
results.

Thus Yu (1996) developed an interpretation
method for the unloading stage of a pressuremeter
test in terms of the state parameter. The method uses
the unloading pressuremeter curve to deduce the in
situ state parameter, and thus represents an attractive
alternative to the loading analysis. Using this
unloading analysis, the pressuremeter results are
plotted as In(P’) versus —ln((ec) —gc), and the

slope of the pressuremeter unloading curve s, in

max

this plot is then estimated. The numerical study with
six different sands again confirms that there is a
largely unique correlation between in situ state pa-
rameter and pressuremeter unloading slope, that is
given by

£, =0.53-0.33s, (22)

3.4 Shear modulus and small strain stiffness

Because of sampling difficulties, one of the most
common uses of self-boring pressuremeter tests in
sand is for the measurement of shear modulus
(Wroth, 1982). However the interpretation and ap-
plication of the soil stiffness derived from the pres-
suremeter unloading-reloading loops requires special
care, and this is largely due to the strong dependence
of soil stiffness on both stresses and strains (Bellotti
et al., 1989).

3.4.1 Interpretation of unloading-reloading shear
modulus

If the soil is linear elastic and plastic, then cavity ex-
pansion theory would suggest that the unloading-
reloading loop of a pressuremeter test should be a
straight line. The slope of the loop is twice the shear
modulus of the tested soil. In reality, however, most
soils exhibit a nonlinear elastic stress-strain feature
even at very small strains. Therefore actual pres-
suremeter unloading and reloading sections do not
coincide. Nevertheless some average slope of the
loop is still widely measured to give the so-called
pressuremeter unloading-reloading shear modulus
G, , which may be regarded as a secant shear

modulus for a nonlinear soil.

For a rational interpretation of soil moduli, it is
crucial to note the fact that they are dependent on
both stress and strain levels. Given that the stress
level at which the unloading-reloading modulus is
measured is different from that of an in situ state
(i.e. a pre-shear state), it is useful to estimate the
equivalent in situ shear modulus G! , at a particular

ur

shear strain level (as represented by the size of the
unloading-reloading cycle performed). A simple
equation that can be used for this estimation is:

G., —Gw[“j 23)

P

where p; and p), are the in situ mean effective

stress and the mean effective stress at the cavity wall
when the unloading-reloading cycle is performed.
For sand, the value of nis generally in the range of
0.4-0.5, with a tendency to increase with increasing
level of strains (Wroth et al., 1979).

3.4.2 Estimate of small strain (or maximum) shear
modulus

At very small strains (say less than10™%), the soil

modulus is at peak and tends to decrease with in-

creasing strain levels. This peak modulus is often

termed as the maximum or small strain shear mo-

dulus G,. Unfortunately the small strain modulus is

not a constant for a given soil and rather it is a
function of the void ratio, mean stress level as well
as stress ratios (Hardin, 1978; Yu and Richart,
1984). The following equation has been frequently
used to describe this dependence (Hardin, 1978):

L N\05
Go _ BF(e)[pm] (1 - o.3k1-5) 24)
Pa

a

where p,is the atmospheric pressure used as a ref-
erence pressure. p. is the effective mean stress and
the stress ratio effect is expressed in terms of
k=(o!/o.-1)/[(c!/o"),. ~1]. The parameters B
and F'(e)depend on particle shape and void ratio e.
Equation (24) has been shown to be in agreement
with quality laboratory measurement of the small
strain modulus such as those obtained using resonant
column tests reported by Byrne et al. (1990).
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Figure 7: A chart for determination of G, from measured G,
(after Byrne et al., 1990)
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Figure 8: The chamber used by Ajalloeian and Yu (1998)

To derive the small strain shear modulus G,

Byrne et al. (1990) proposed a numerical procedure
to correlate it with the pressuremeter unloading-
reloading modulus. The procedure takes the follo-
wing steps:

14

1) An elastic-plastic cavity expansion analysis to
determine the stress field and volume change
caused by pressuremeter expansion. These
stresses allow the in situ small strain modulus
values to be computed prior to pressuremeter
unloading tests using equation (24).

2) A nonlinear elastic analysis to determine the dis-
placement at the pressuremeter face upon
unloading. These displacements are used to
compute the equivalent elastic pressuremeter
unloading-reloading shear modulus G,, .

3) By comparing the unloading-reloading shear
modulus with the in situ small strain shear mo-
dulus for various levels of applied cavity stress
prior to unloading, and for various amounts of
unloading, a chart is generated from which the
ratio of G, /G, can be obtained depending on
the applied pressuremeter loading and unloading
conditions.

Figure 7 presents such a chart developed by Byrne
et al. (1990) for determining the in situ small strain
shear modulus from a pressuremeter unloading-
reloading modulus. A further study has been pre-
sented by Fahey and Carter (1993).

1000 -

800

400

Cavity pressure: kPa

200

Cavity strain: %

Figure 9: Laboratory results of finite pressuremeter length ef-
fects (after Ajalloeian and Yu, 1998)

3.5 Sources of inaccuracy

As in the case for tests in clay, the possible effects of
the simplified assumptions used in developing the
above mentioned interpretation methods can be as-
sessed either using numerical methods and/or more
realistic soil models.
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3.5.1 Effect of finite pressuremeter length

The effect of ignoring the finite pressuremeter length
on drained pressuremeter analysis was assessed in
detail by Yu (1990) using finite element methods.
The result of this numerical study was confirmed by
a comprehensive chamber study of finite presssure-
meter length effects reported by Ajalloeian and Yu
(1998) — see Figures 8 and 9.

0.8
1 - L/D=Infinity
0.7 2 - LID=6 and G/p'=200
6 \ 3 - L/D=6 and G/p',=500

s % 4 - 1/D=6 and G/p',=1000
0.6 -\\ 5 - L/D=6 and G/p'=2000
" | i\
0.4
0.2 . N

-04 -03 -02 -0.1 0 0.1 0.2

In situ state parameter (&)

Figure 10: A chart to derive in situ state parameter by account-
ing for the effect of finite pressuremeter length

As expected, both numerical and laboratory
chamber studies suggest that a finite pressuremeter
length results in a stiffer pressuremeter loading re-
sponse. In particular, the pressuremeter loading
slope s® for a length to diameter ratio of 6 was
found to be 10-20% higher than those from the cy-
lindrical cavity expansion theory. The overestimate
is slightly dependent upon the soil stiffness index
(defined as the shear modulus G over the initial
mean effective stress, p), as given by the following

equation:

F, :S—1.190.0581n(G,Js1 (29)

5© Po

In practice, the effect of finite pressuremeter length
can be simply taken into account by determining the
correction factor F,. from equation (25). This can

then be applied to the measured pressuremeter load-
ing slope before correlating with soil properties such
as the angles of friction and dilation (equations (17)
and (18)) and the in situ state parameter (equation
(21)). Figure 10 presents a chart that can be used to
derive in situ state parameter from the pressuremeter
loading results by accounting for the effect of finite
pressuremeter length.

The experimental data obtained by Ajalloeian and
Yu (1998) suggests that finite pressuremeter length
has a smaller effect on unloading results than on the
loading section of the test. This is to be expected
since the unloading involves a very small cavity
contraction.

3.5.2 Effect of elastic deformation in the plasti-
cally deforming zone

It was noted earlier that elastic deformation in a
plastically deforming region was ignored by both
Hughes et al. (1977) and Manassero (1989). The ef-
fect of this simplifying assumption was assessed by
Yu (1990). It was shown that neglecting elastic
strain in plastic zones tends to give a softer pres-
suremeter response, and therefore underestimates the
measured angle of friction. The study also suggests
that the effect of elastic deformation in the plastic
zone is particularly marked for dense soil with a
high stiffness index. Using a numerical study, Yu
(1990, 1993a) suggested the following single equa-
tion for the corrected angle of friction ¢ to account
for the effect of both finite pressuremeter length and
elastic deformation in the plastically deforming
zone:

b 1.36—0.0781n(1__sm?’xc/]
s ¢ 0-/10

(26)

where ¢°is the friction angle derived from the me-

thod of Hughes et al. (1977) for pressuremeters with
a length to diameter ratio of 6.

3.5.3 Effect of sand particle crushing

It is now established that sand particles crush at high
stresses (McDowell and Bolton, 1998). One impor-
tant feature common to all the findings of recent
studies in this area is the distinct steepening of the
compression line at elevated stresses (Konrad,
1998).

The possible effect of particle crushing on cavity
expansion solutions in sands was studied recently by
Russell and Khalili (2002). In their work, a single
function for a nonlinear critical state line was intro-
duced which is able to capture the main features of
sand behaviour for stresses that are lower and higher
than those needed for particle crushing. Limited
pressuremeter expansion calculations given by Rus-
sell and Khalili show that ignoring particle crushing
may lead to a stiffer pressuremeter loading response.
This would be particularly true for tests performed
in sands with high initial density and/or mean effec-
tive stresses.
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4 CONE PENETRATION TESTS IN CLAY

4.1 Overview

Over the last few decades, cone penetration testing
(with or without pore pressure measurement, CP-
TU/CPT) has been established as the most widely
used in situ testing device for obtaining soil profiles
worldwide. This has been achieved mainly by de-
veloping empirical correlations and soil classifica-
tion charts (Robertson, 1986; Lunne et al., 1997;
Mitchell and Brandon, 1998). In addition, good pro-
gress has also been made, though slowly, in the un-
derstanding of the fundamental mechanics of the
cone penetration tests in undrained clay. This pro-
gress provides confidence in derived soil properties
from CPTU test results. Yu and Mitchell (1996,
1998) noted the great difficulties of carrying out a
rigorous analysis of cone penetration problems and
gave a brief review and evaluation of the theoretical
methods that may be used for such an analysis. The
most widely used theories are:

1) Bearing capacity methods (BCM)
2) Cavity expansion methods (CEM)
3) Strain path methods (SPM)

4) Finite element methods (FEM)

While each of these four theories may be used
alone for cone penetration analysis (Yu and Mit-
chell, 1996, 1998), better predictions of the cone
penetration mechanism may be achieved if some of
them are used in combination. Successful examples
are SPM-FEM (Teh and Houlsby, 1991), CEM-SPM
(Yu and Whittle, 1999), CEM-FEM (Abu-Farsakh et
al., 2003), and CEM-BCM (Salgado et al., 1997).

Apart from the above theories that have been the
main approaches currently used for cone penetration
analysis, other methods such as the discrete element
method (DEM) may also be useful for cone penetra-
tion analysis in granular materials (e.g., Huang and
Ma, 1994; Yu et al., 2004).

4.2 Undrained shear strength

If cone penetration tests in clay are assumed to occur
under undrained conditions, cone tip resistance
q, (with the correction for porewater effects on the
back of the cone tip) may be related to the undrained
shear strength S, as follows:

qC:NFSl/+00 : Su:u
: : I

¢

@7
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where o, denotes the in situ total stress (either verti-

cal or mean total stress depending on the type of
theory used for cone penetration analysis). The the-
ory of cone penetration can be used to give the so-
called cone factor N, .

4.2.1 Cavity expansion combined with steady
penetration of infinite cone

Based on the rigorous plasticity solutions of steady
penetration of a rigid cone in a von Mises soil (Dur-
ban and Fleck, 1992; Sagaseta and Houlsby, 1992),
Yu (1993b) derived the following expression for the

cone factor:

N, :%[7[+a+arcsin(ﬂt )+ A, cotgfﬂlf/i(z +§:‘

L2 (28)
L2

where I, =G/S, is known as the rigidity or stiffness
index and the parameter H is defined as

B

sin“~+ A _sin
H:Zﬁi; ﬂ:180“—%
COSE —cosf
in which « is the cone apex angle and 4, is used to
indicate a smooth cone (A, =0)or a rough cone
(4 =D.

Yu’s analytical solution (28) has been extended
recently by Su and Liao (2002) to include the effect
of shear strength anisotropy (see Figure 11). The
cone factor for soil obeying an anisotropic failure
criterion is:

N, = 1+ 4, 1n1,4+1_A’+R1+i
J1+24, 3 J1+24,

+0.524,54(1+4,) } (29)
where R =3.13 for a rough cone and R =1.39 for a
smooth cone. The shear strength anisotropy is de-
fined by the parameter A,, which is the ratio be-
tween the undrained shear strength from extension
triaxial tests and that from compression tests.
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Figure 11: The anisotropic strength criteria (after Su and Liao,
2002)

A simple comparison between equations (28) and
(29) indicates that the effect of strength anisotropy
of clay will become significant only when the
strength anisotropy ratio 4,.is less than 0.6.

4.2.2 Strain path analysis combined with finite
element methods

The analysis of cone penetration in a von Mises soil
by combining strain path analysis and finite element
calculations was used by Teh and Houlsby (1991) to
overcome the inequilibrium problem of a pure strain
path analysis. This combined analysis gives a
slightly higher cone factor than that from a pure
strain path analysis. The resulting cone factor is:

N, =|1.67+ L, (1+1In7,)+2.44,
1500

—024, -1.8A (30)

where A and A, are used to indicate either rough

(with a value of 1) or smooth interfaces (with a va-
lue of 0) for the shaft and cone respectively. The
parameter A =(o,, —7,,)/(2S,)is used to include

the effect of anisotropic in situ stress states.

4.2.3  Steady state finite element analysis

Yu et al. (2000) developed a novel finite element
formulation for the analysis of steady state cone
penetration in undrained clay modelled by both the
von Mises and modified Cam clay models. The pro-
posed finite element analysis focuses on the total
displacements experienced by soil particles at a par-
ticular instant in time during the cone penetration
test. This is possible because, with the steady state
assumption, the time dependence of stresses and

strains can be expressed as a space-dependence in
the direction of penetration (see Figure 12). As a re-
sult, the finite element solution of steady cone pene-
tration can be obtained in one step. This new analy-
sis offers the following advantages over the strain
path method:

1) All equations of soil equilibrium are fully ac-
counted for.

2) Cone and shaft roughness can be taken into ac-
count in a more rigorous manner.

3) It can be more easily adapted to analyse cone
penetration in dilatant soils.

Cone penetrometer

vO\L E

Position of cone tip
at a past time T-dt

Soil Mass

Position of cone tip
at current time T

P'(r,7))

DY deformed location at time T

Q(r,z + vydt)

R(r,z + 2vydf)

A S(ryz + 3vodt)

B

Figure 12: Steady state finite element analysis of cone penetra-
tion (after Yu et al., 2000)

The cone factor obtained by Yu et al. (2000) for a
von Mises soil is given by the following equation:

N, =0.33+2In/, +2.374-1.83A 31

where A (ranging between 0 and 1) is used to indi-
cate roughness of the cone/shaft and soil interface.

4.2.4 Cavity expansion combined with finite ele-
ment analysis

Most recently, a numerical model has been pre-

sented by Abu-Farsakh et al. (2003) for the analysis

of cone penetration in clay. As shown in Figure 13,
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the penetration problem is numerically simulated in
two stages. First, the cone penetrometer is expanded
radially from a small initial radius to its radius and
this is similar to a cylindrical cavity expansion proc-
ess. Second, the continuous penetration of the pene-
trometer is simulated by imposing incremental verti-
cal displacements on the nodes along the cone and
soil interface. The cone factor from this combined
cavity expansion and finite element analysis using
the modified Cam clay model is given as follows:

N, =245+1.8Inl,-2.1A (32)

Stage 1 Stage 2

Figure 13: Combined cavity expansion and finite element
analysis (after Abu-Farsakh et al., 2003)

4.2.5 Strain path analysis combined with cavity
expansion methods

Yu and Whittle (1999) presented a novel approach
to estimate the cone factor by making use of both
strain path analysis and cavity expansion methods.
With this new method, the strain path solution of a
simple pile developed by Baligh (1986) for a von
Mises soil was used to estimate the size of the plas-
tic zone in the soil caused by cone penetration. Once
the plastic region is established, spherical cavity ex-
pansion theory was then used to determine the stress
distribution and therefore cone resistance. The cone
factor for smooth cone and shaft derived from this
hybrid method is:
N, =193+2Inl, (33)
which gives slightly higher values than those from a
pure strain path analysis. For example, Baligh's
strain path solution for a simple pile geometry is
(van den Berg, 1994):

N, =151+2In1, (34)

18

and the strain path solution of Teh and Houlsby
(1991) for an actual cone geometry is:
N,=125+1.84In1, 3%
4.2.6 Adaptive finite element analysis

Most recently, Lu (2004) presented a finite element
analysis of cone penetration in clay using the adap-
tive remeshing technique proposed by Hu and
Randolph (1998). The adaptive remeshing technique
was first used for modelling metal forming processes
(Cheng, 1988) and localisation problems (Lee and

Bathe, 1994) to overcome the severe distortion in
large deformation finite element analysis.
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Figure 14: Deformed finite element mesh and plastic region
due to cone penetration in clay

A similar finite element study was also carried out
by the Author and his student Mr. J. Walker using
the commercial finite element program, ABAQUS,
with the option of adaptive meshing techniques. The
adaptive meshing in ABAQUS is often referred to as
Arbitrary Lagrangian-Eulerian (ALE) analysis. A
deformed finite element mesh and the plastic region
(represented by the dark area) generated by cone
penetration in clay are shown in Figure 14. Soils
were modelled by the von Mises criterion. In this
approach, remeshing and remapping of the field
variables from an old mesh to a new one are carried
out at a prescribed frequency. A preliminary solution
obtained for the cone factor for a smooth cone and
shaft/soil interface can be written as follows:
N, =027+1915In1, (36)
The influence of in-situ stress states and the rough-
ness of soil-shaft/cone interface can be readily ac-
counted for using adaptive finite element analysis
and is currently being studied at the University of
Nottingham.

© 2004 Millpress, Rotterdam, ISBN 90 5966 009 9



4.3 Consolidation coefficients

The coefficient of consolidation is one of the most
difficult soil properties to measure in geotechnical
engineering. As mentioned earlier, it can be meas-
ured in situ using self-boring pressuremeter holding
tests to observe the excess pore pressure decay with
time. The interpretation of the pressuremeter holding
tests was based on the initial excess pore pressure
derived from cavity expansion theory and one-
dimensional consolidation solution.

A similar procedure has been used to measure the
coefficient of consolidation using cone penetrometer
with pore pressure measurement (i.e. CPTU or pie-
zocone) by interrupting the cone penetration and ob-
serving the excess pore pressure decay with time.
The interpretation of piezocone consolidation can be
carried out by using either of the following two
methods:

e One-dimensional cavity expansion methods (Tor-
stensson, 1977; Randolph and Wroth, 1979).

e Two-dimensional strain path methods (Levadoux
and Baligh, 1986; Baligh and Levadoux, 1986;
Teh and Houlsby, 1991).

4.3.1 Cavity expansion approach

Torstensson (1977) developed an interpretation
method based on cavity expansion theories. With
this method, the initial excess pore pressures prior to
consolidation were estimated using cavity expansion
theories with an elastic-plastic soil model. It is noted
in passing that more accurate solutions are now
available with critical state models (Collins and Yu,
1996; Yu, 2000). The consolidation stage of the test
was predicted using a one-dimensional, linear, un-
coupled consolidation theory (i.e., neglecting the
coupling between total stresses and pore pressures
during consolidation).

As is the case in the pressuremeter holding tests,
Torstensson (1977) suggested that the coefficient of
consolidation should be interpreted at 50% dissipa-
tion from the following equation:

T.
=150 2

37
e (37
where T, is a time factor which can be obtained
from cavity expansion theory (Figure 3), ris the
penetrometer radius, and #;, is the actual time taken
for 50% consolidation (i.e. the excess pore pressure
reduces to half of its initial value).
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Figure 15: Theoretical solutions for consolidation around cones
(after Teh and Houlsby, 1991 and Lunne et al., 1997)

It seems obvious that if the filter element for
measuring pore pressures is located on the cone face
the spherical cavity expansion solution would be
more applicable. On the other hand, the cylindrical
cavity expansion solution would be more suitable if
the filter element is located on the shaft (Lunne et
al., 1997).

4.3.2  Strain path approach

To account for the effect of the two-dimensional na-
ture of cone penetration, Levadoux and Baligh
(1986) and Baligh and Levadoux (1986) have used
strain path methods (Baligh, 1985) to predict the ex-
cess pore pressures generated by the cone installa-
tion. Then a finite element method was used to carry
out the subsequent coupled and uncoupled linear
consolidation analysis. Their study led to some
important conclusions including:

1) The effect of the coupling between total stresses
and pore pressures is not very significant.

2) The initial distribution of the excess pore pres-
sures has a significant influence on the dissipa-
tion process.

3) Dissipation is predominantly in the horizontal di-
rection.

Proceedings ISC’2 on Geotechnical and Geophysical Site Characterization, Viana da Fonseca & Mayne (eds.) 19



I—_(x 1.5 for a 15 cm? cone)

102 AL B R 'FM
£ \
- \
: \‘ 35.6 mm
p N\ (10.cmt)
10" E ‘ S
F N \
- \\ \\ u1
B \\ \\
\. \‘
10° E \ N E
— E AN\ N 3
E r \\ ‘\ ]
% 1 I \\\ L\ Rigldl(t,ylndex l-
S E N\
\_’: N\ L
o \\ N
AY N
102 SN %
= OSNE
-
N
Au; %\\ 1
3 & N
10 Ve \ E
ol 1
+ misutss
10701 1 10 100 1000 10000
t, (min)

Figure 16: A chart for finding ¢, from /5 (after Robertson et
al., 1992)

By using a method similar to that of Baligh and
Lavadoux (1986), Teh and Houlsby (1991) reported
the results of a parametric study on cone penetration
and consolidation. In the study of Teh and Houlsby,
strain path analysis was used to determine the initial
excess pore pressures and the subsequent uncoupled,
linear consolidation was modelled by the finite dif-
ference method. To account for the effect of the
stiffness index, /, = G/S, , Teh and Houlsby (1991)
suggested the use of a modified dimensionless time
factor, T, defined as

u

oot
N

Figure 15 shows the strain path solutions of a
normalised excess pore pressure versus the modified
dimensionless time factor obtained by Teh and
Houlsby (1991). For comparison, the cavity expan-
sion solutions of Torstensson (1977) are also shown
in the figure for two filter element locations with one
immediately behind the cone and another on the
cone face. It is most interesting to note that for the
case with the filter element located immediately be-

(38)

20

hind the cone, the one-dimensional cavity expansion
solutions are practically the same as the two-
dimensional strain path solutions.

Based on the above theoretical solutions, Robert-
son et al. (1992) produced a chart (shown in Figure
16) that may be readily used to obtain the coefficient
of consolidation from the actual time taken for 50%
consolidation ¢, .

4.4 Stress history - overconsolidation ratio

For clay, the overconsolidation ratio (OCR) is a key
property that is needed to define its mechanical be-
haviour. Several approaches have been proposed to
estimate the OCR from CPTU data (Lunne et al.,
1997). In particular, Mayne (1993) proposed an ana-
lytical method based on cavity expansion theory and
critical state soil mechanics. Mayne's method inclu-
des the following elements:

1) Use of Vesic’s cavity expansion solution to es-
timate the cone factor (Vesic, 1977).

2) Use of critical state soil mechanics to link the
undrained shear strength to the OCR (Wroth,
1984).

3) Use of spherical cavity expansion solutions and
critical state soil mechanics to estimate excess
pore pressures.

Based on the above assumptions, Mayne (1993)

showed that the value of the OCR can be derived
from CPTU data using

A
OCR=2|— L[4~
195M +1( o

vo

(39

for the case with the filter element located behind
the cone, and

1 1/A
OCR=21— | 4="" 4
1.95M | o,

for the case with the filter element located on the
cone face. In equations (39) and (40), u, and u, are
pore pressures at the cone face and behind the cone
respectively; M is the slope of the critical state line
in the usual ¢- p'plot; and Ais a soil property typi-
cally in the range of 0.75-0.85 (Wroth, 1984).

(40)
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Figure 17: Measured and predicted OCR for sites in (a) Sweden and (b) Ontario (after Mayne, 1993)

Figure 17 demonstrated that the estimated values
of the OCR using equation (39) from CPTU data are
consistent with those measured using laboratory
odometer tests.

5 CONE PENETRATION TESTS IN SAND

5.1 Overview

Because of the dilatant characteristics of sand during
shear, cone penetration in sand is much more diffi-
cult to analyse than that in undrained clay. Over the
last two decades, good progress has been made in
understanding the mechanics of cone penetration in
undrained clay. By contrast, progress has been slow
in developing rigorous methods to analyse cone
penetration in cohesionless soil. This is why large
laboratory chamber testing was widely used to de-
velop empirical correlations between cone results
and sand properties (e.g., Parkin and Lunne, 1982;
Been et al.,, 1987; Houlsby and Hitchman, 1988;
Ghionna and Jamiolkowski, 1991).

Most existing methods for the analysis of deep
cone penetration in sand are based on either bearing
capacity theory (Durgunoglu and Mitchell, 1975) or
cavity expansion theory (Vesic, 1977; Yu and
Mitchell, 1998; Salgado et al., 1997). In addition, at-
tempts have also been made in using finite element
and discrete element methods to simulate deep pene-
tration problems in sand (van den Berg, 1994;
Huang et al., 2004; Huang and Ma, 1994; Yu et al.,
2004).

Cone penetration testing in sand is generally
drained and therefore the analysis methods presented
here are based on the assumption that there would be

no excess pore pressures generated as a result of
cone penetration.

5.2 Drained shear strength

Cone tip resistance in sand is often used to derive
soil friction angle. Various correlations have been
proposed in this aspect and most of them were based
on either bearing capacity analysis or cavity expan-
sion theory.

5.2.1 Bearing capacity approach
Durgunoglu and Mitchell (1975) presented a well-
known bearing capacity solution for deep cone pene-
tration problems. A major advantage of this ap-
proach is its relative simplicity. This approach can
be easily accepted by the engineer who is already
familiar with bearing capacity calculations. As
pointed out by Yu and Mitchell (1998), however, the
major limitation of bearing capacity theory for cone
penetration modelling in sand is its inability of ac-
counting for soil stiffness and volume change.

In the study of Durgunoglu and Mitchell (1975),
a failure mechanism was used to give a plane strain
solution first (i.e. for wedge penetration). Then an
empirical shape factor was used to account for the
axisymmetric geometry of cone penetration prob-
lems. For the case when the soil-cone interface fric-
tion angle is half of the soil friction angle, the solu-
tion of Durgunoglu and Mitchell (1975) may be
expressed by a simple expression:

e 0.194exp(7.63 tan §)
v0
where N, is the cone factor in sand and ¢ is

N, = (41)

drained soil friction angle.
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Figure 18: Mechanisms linking cone resistance with cavity limit pressures (after Yu and Mitchell, 1998)

5.2.2  Cavity expansion approach
The analogy between cavity expansion and cone
penetration was first pointed out by Bishop et al.
(1945) after observing that the pressure required to
produce a deep hole in an elastic-plastic medium is
proportional to that necessary to expand a cavity of
the same volume under the same conditions. As dis-
cussed by Yu and Mitchell (1996, 1998), proposals
were made by many researchers to relate cone tip re-
sistance with cavity (mainly spherical cavities) limit
pressures, which include those by Ladanyi and
Johnston (1974) and Vesic (1977) - see Figure 18.
For example, Vesic (1977) assumed that cone tip
resistance is related to the spherical cavity limit
pressure by a failure mechanism shown in Figure
18(b). This assumption leads to the following simple
expression of the cone factor:

_ 1+2K, T
Nq_(S—sinqﬁ]eprZ ¢jtan¢}

x tan’ (% + ﬂj(],, )y

2

(42)

in which K, =0,,/0!,, and I, = ]S/(1+I:gv) is
the reduced rigidity index where &, is the average
volumetric strain estimated in the plastically deform-
ing region, and the rigidity index /, and parameter
n are given by I =G/(p,tang)
n = 4sin ¢/[3(1 + sin ¢)].

After applying the Vesic correlation to the results

of a number of chamber tests, Mitchell and Keaveny
(1986) concluded that measured cone resistances

and

22

may be closely modelled for sands with a low value
of the reduced index (i.e. more compressible soils).
Since dilation was not accounted for in Vesic’s solu-
tion, this approach cannot be used to model cone
penetration in medium dense to very dense sands
where dilation is significant.

To extend Vesic’s approach, Salgado (1993) and
Salgado et al (1997) used a stress rotation analysis to
relate cone resistance to a cylindrical cavity limit
pressure (see Figure 19). Based on a number of sim-
plifying assumptions, cone resistance is linked to the
cylindrical cavity limit pressure as follows:

li+0) —a+nc-1]

P (43
CA(1+1) e @3

q. = 2exp(r tan ¢)

where P, denotes the effective cylindrical cavity

limit pressure, / is determined numerically and C is
linked to soil dilation angle w by

C=43 exp[% tan y/}.

Salgado et al. (1997) applied the theoretical cor-
relation (43) to predict measured cone resistances for
a large number of cone tests in large calibration
chambers and concluded that the correlation worked
well. Typically the measured cone resistances can be
predicted to within 30%.
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pressure (after Salgado, 1993)

By using both numerical cavity expansion solu-
tions and chamber data for cone tip resistance, Cud-
mani and Osinov (2001) recently proposed the fol-
lowing average equation to link cone tip resistance
q. with the spherical cavity limit pressure P, :

, 58(D.) |,
=15+~ —|P,
1. { +(Dr)2+0.11} )

where D, is the relative density ranging between 0
and 1. Note that in the study of Cudmani and Osi-
nov, a slightly different, pressure-dependent relative
density was considered. Cudmani and Osinov (2001)
showed that equation (44) is able to predict 85% of
their chamber test data of cone tip resistances to
within 25%.

(44)

5.2.3 Combined cylindrical-spherical cavity ex-
pansion method

All the cavity expansion methods described in the
previous section assumed that cone tip resistance is
related, through theoretical or semi-analytical con-
siderations, to either spherical cavity limit pressure
or cylindrical cavity limit pressure. Here a new
method is proposed to estimate cone tip resistance
by using both cylindrical and spherical cavity expan-
sion solutions. The basic idea of the new method
consists of two steps:

1) Estimate of the size of the plastically deforming
zone around the cone using the cylindrical cavity
solution for the size of the plastic region.

2) Use of spherical cavity expansion theory to de-
termine the cone tip resistance from the esti-
mated plastic region.

This approach was motivated by a recent finite ele-
ment study of cone penetration in sand (Huang et al.,
2004), which suggests that the plastic zone behind
the cone and around the shaft is similar to that pre-
dicted by the cylindrical cavity expansion theory.
Around the cone tip and face, the elastic-plastic
boundary may be assumed to be circular or elliptical
in shape (see Figure 20).

L

Von

7

v

Figure 20: Plastic zone around a cone in sand (after Huang et
al., 2004)

By following the above procedure and using the
cavity expansion solutions in Mohr-Coulomb mate-
rials, as derived by Yu (2000) and Yu and Carter
(2002), cone tip resistance for a purely frictional soil
is given by:

2(a'-1)
!l 3a/ o'
I - 22\ FE
Py 2+a a
where F' is a plastic zone shape factor that takes a

value of unity if the plastic zone around the cone is a
circle (i.e. rp; =rp,,) and otherwise would be less

(45)

than 1. Pending more numerical studies, F may be
assumed to be between 0.7-0.8 and (c/a) denotes
the relative size of the plastic zone generated by the
expansion of a cylindrical cavity from zero radius.
Yu (2000) derived an analytical solution for this
quantity, which can be readily obtained by solving
the following simple non-linear equation for a purely

frictional soil:
2]

o))

in which
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and v is Poisson's ratio. It is noted that following the
same procedure, the solution for the cone tip resis-
tance in a cohesive-frictional soil can also be ob-
tained in closed form using the cavity expansion so-
lutions derived by Yu (2000).

5.3 In situ state parameter

Based on the results of a large number of cone tests
in calibration chambers, Been et al. (1987) were the
first to observe that cone tip resistance may correlate
with the initial (in situ or pre-shear) state parameter.
Their empirical correlation between the cone resis-
tance and the initial state parameter is given in the
following form:

q{ = kexp(-mé&,)+1 (46)

Po

After a more detailed analysis of chamber test data
on Ticino sand, Sladen (1989) later showed that this
correlation is not unique, rather the relationship var-
ies significantly with mean stress level. In other
words, the coefficients & andm in equation (46) are
not constants even for the same sand.

Yu and Mitchell (1996, 1998) provided a theo-
retical explanation for such a pressure-dependent,
cone resistance-state parameter relationship. Using a
state parameter soil model, Collins et al. (1992)
found that the spherical cavity limit pressure is
linked to the initial mean stress and void ratio as fol-
lows:

Lo () ) exp(-mvy) 47)
Po

where v, =1+¢, is the initial specific volume of the
soil and e, is the initial void ratio. For Ticino sand,
the constants are: m, =2.012x107, m, =-0.875,
m, =0.326, m, =6.481.
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Figure 21: Measured (cross) and predicted (solid circle) cone
factor-state parameter relations (after Yu and Mitchell, 1998)

Yu and Mitchell (1998) then used the correlation
of Ladanyi and Johnston (1974) to estimate cone tip
resistance from the spherical cavity limit pressure
determined from equation (47). Presented in Figure
21 are comparisons between cavity expansion pre-
dictions and experimental data for chamber cone test
results in Ticino sand at two different stress levels.
The experimental curves were obtained by applying
a chamber size correction factor (given by Been et
al., 1987) to the best-fit lines presented by Sladen
(1989). 1t is clear from the figure that a good agree-
ment was obtained.

Russell and Khalili (2002) recently extended the
cavity expansion solution of Collins et al. (1992) and
showed that the theoretical correlation between
spherical cavity limit pressure and initial state pa-
rameter is also strongly affected by particle crushing
which was reflected by a steeper critical state line at
high stress level. Particle crushing was also shown
experimentally by Konrad (1998) as an important
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factor in the interpretation of state parameters from
cone penetration tests in a calibration chamber.

6 CONE PRESSUREMETER TESTS IN CLAY
AND SAND

6.1 Overview

The cone pressuremeter (also known as the full-
displacement pressuremeter) is an in situ testing de-
vice that combines a standard cone penetrometer
with a pressuremeter module incorporated behind
the cone tip. The idea of mounting a pressuremeter
module behind the cone tip was first introduced in
the early 1980s. The development aims to combine
the merits of both the standard cone and the pres-
suremeter into a single instrument. The cone pres-
suremeter can be installed by standard CPT jacking
equipment and this enables pressuremeter tests to be
carried out as part of routine CPT operations (see
Figure 22).

Cone pressuremeter tests are difficult to analyse
because the tests are carried out in a soil that has al-
ready been disturbed by the penetration of the cone
(Withers et al., 1989). As a result, a rigorous inter-
pretation of cone pressuremeter tests must account
for the effect of installation process. This is why the
development of equipment for the cone pressureme-
ter was, for a long time, more advanced than its in-
terpretation methods. So far, the analytical interpre-
tation methods for cone pressuremeter tests have
been mainly based on cavity expansion/contraction
theory (Houlsby and Withers, 1988; Yu et al., 1996).

6.2 Cone pressuremeter tests in undrained clay

Using cavity expansion theory, Houlsby and Withers
(1988) developed the first theoretical interpretation
method for deriving soil properties from cone pres-
suremeter tests in undrained clay. In the analysis, the
initial installation of the instrument was modelled as
the expansion of a cylindrical cavity in the soil. The
expansion phase of cone pressuremeter tests was
modelled as a continuous expansion of the same
cavity, and the unloading phase of the tests as the
cavity contraction.

This one-dimensional simulation of cone penetra-
tion is somewhat in error because it ignores the two-
dimensional nature of the problem. However more
rigorous, two-dimensional analyses of the cone
penetration problem (e.g., Baligh, 1986; Teh and
Houlsby, 1991; Yu et al., 2000) show that the stress
distribution far behind the cone is similar to that ob-
tained from the expansion of a cylindrical cavity
from zero radius. Given the pressuremeter module is
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Figure 22: A cone pressuremeter (after Withers et al., 1989)

located some distance from the cone, it seems sensi
ble to use a simple cavity expansion theory as the
basis for the interpretation of cone pressuremeter test
results.

Since the installation and subsequent expansion of
the cone pressuremeter is simulated as the expansion
of a cylindrical cavity from zero radius, it can be
easily shown that the cavity pressure remains con-
stant during any stage of installation and loading
tests. The constant pressure is the same as the limit-
ing pressure obtained from the expansion of a cavity
from a finite radius (Yu and Houlsby, 1991). For a
Tresca soil, the limiting pressure is well known
(Gibson and Anderson, 1961):
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Py =0y +S,(1+In1,) (48)
The complete analytical solution for pressuremeter
unloading curves is defined by the following equa-
tion:

P=P

> =28 {l+1n[(¢,), —€.]+In1,} (49)

max

where (&,),,,1S the maximum cavity strain at the

start of cone pressuremeter unloading tests. The
above solution is plotted in Figure 23, which shows
that the slope of the unloading plastic curve in a plot

of P versus —ln[(gi,) —gc] is equal to 25, . From

the figure, both shear modulus and initial horizontal
total stress may also be estimated.

r A
1+1n| G
Su
Pans Limit pressure /‘
Oho
" 25,
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-In[(&)max-éc]

Figure 23: The interpretation method of Houlsby and Withers
(1988)

6.3 Cone pressuremeter tests in sand

For obvious reasons, rigorous analysis of cone pres-
suremeter tests in sand is extremely difficult. Using
a non-associated Mohr-Coulomb model, Yu (1990)
derived a large strain cavity expansion/contraction
solution for sand, equivalent to that of Houlsby and
Withers (1988) for clay (see also Yu and
Houlsby,1991 and 1995). However, limited applica-
tions of this solution in the interpretation of cone
pressuremeter tests in sand suggested that it could
give unrealistic soil properties. This indicates that
soil behaviour during cone pressuremeter tests may
be too complex to be modelled accurately by a per-
fectly plastic Mohr-Coulomb model.

Using both cone tip resistance and pressuremeter
limit pressure measured with a cone pressuremeter,
Yu et al. (1996) proposed a semi-analytical method
for deriving the soil friction angle and the in situ
state parameter. In this approach, it was assumed
that pressuremeter limit pressure can be estimated by
the limit pressure from cylindrical cavity expansion.

26

The cone tip resistance was estimated from the limit
pressure of spherical cavity expansion using the cor-
relation of Ladanyi and Johnston (1974). Therefore
the theoretical ratio of cone resistance and pressure-
meter limit pressure (i, ) can be expressed in terms

of the ratio of spherical cavity limit pressure to cy-
lindrical cavity limit pressure as follows:

1 P’
Ie _ 1+ tang) 2
v y

(50)

e

For the determination of the friction angle, cavity
expansion solutions in a perfectly plastic Mohr-
Coulomb soil were used. In the evaluation of the in
situ state parameter, cavity expansion solutions us-
ing a state parameter-based, critical state model were
used (Collins et al., 1992; Yu, 2000).
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Figure 24: Measured and theoretical correlations for cone pres-
suremeter tests in Leighton Buzzard sand (after Yu et al., 1996)

6.3.1 Drained shear strength

Yu et al. (1996) used the analytical cavity limit pres-
sures of Yu and Houlsby (1991) to correlate the ratio
of cone tip resistance to pressuremeter limit pressure
with the angle of soil friction. After a parametric
study, Yu et al. (1996) proposed the following corre-
lation:

147 ¢

X
n(G/p;) v

¢ =227+ 1)

which may be used to derive friction angles from
measured ratio of ¢’ /y; , provided a reasonable es-

timate can be made for stiffness index G/ p; .
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6.3.2  In situ state parameter

Using a state parameter-based, critical state soil
model, Collins et al. (1992) presented the limit pres-
sure solutions for the expansion of both spherical
and cylindrical cavities in six different sands that
have been widely used for calibration chamber test-
ing. The results of these numerical solutions suggest
that the ratio of spherical and cylindrical cavity limit
pressures may be estimated by the following equa-
tion:

'

P ’ +C5 (1+e
= PO explCy(1+e,)] (52)
Ie

where e, is the initial void ratio and the constants

C,.C,,C,,C,for the six reference sands are given in
Table 2.

Table 2. Material constants (Collins et al., 1992)

Sand C, C, C, C,
Monter- 1087 -0.47 0.225 -3.214
rey

No 0

Hokksund | 560 -0.424 ] 0.195 -2.84
Kogyuk 237 -0.359 |0.167 -2.485
Ottawa 1163 -0.469 | 0.24 -3.483
Reid 342 -0.385 | 0.172 -2.521
Bedford

Ticino 376 -0.387 | 0.175 -2.604

Yu et al. (1996) showed that the theoretical corre-
lation between the ratio ¢’ /w, and the in situ state
parameter &, is largely independent of initial stress
level. In addition its dependence on sand type was
also found to be small. The following average corre-
lation was therefore proposed by Yu et al. (1996) for
practical applications:

’

&, =0.4575-0.29661n 1= (53)

1

This can be used to derive the in situ state parameter
from the measured ratio of ¢/ /v, .

The theoretical correlation (53) was supported by
experimental results presented in Yu et al. (1996) for
cone pressuremeter tests in sand (see Figure 24). Its
relevance has also been demonstrated by Robertson
et al. (2000) using both cone and self-boring pres-
suremeter test data from the Canadian Liquefaction
Experiment (CANLEX) project. Powell and Shields
(1997) applied this theoretical correlation to obtain
in situ state parameters from field cone pressureme-
ter tests in sand.

6.4  Effect of finite pressuremeter length

Like self-boring pressuremeters, cone pressureme-
ters have a finite length to diameter ratio (typically
around 10) and therefore the one-dimensional analy-
sis of Houlsby and Withers (1988) may lead to er-
rors in the derived soil properties. To quantify these
errors, Yu (1990) carried out a large strain finite
element analysis of cone pressuremeter tests. In this
analysis, the installation of the cone pressuremeter
was modelled as the expansion of a cylindrical cav-
ity. The stress field at the end of the installation can
be obtained from analytical cavity expansion solu-
tions. Then starting from this initial stress state, a
large strain finite element formulation was used to
analyse the expansion and contraction of the pres-
suremeter membrane. The parametric study reported
by Yu (1990, 1993a) for a pressuremeter length to
diameter ratio of 10 leads to the following conclu-
sions:

1) The one-dimensional analysis of Houlsby and
Withers (1988) overestimates the undrained
shear strength and this overestimate could be as
high as 10% for a high stiffness index.

2) The neglect of finite pressuremeter length under-
estimates the shear modulus and this underesti-
mate may increase to 20% for a high stiffness
index.

3) The one-dimensional analysis leads to very sig-
nificant errors in the derived in situ total hori-
zontal stress. The corrected in situ total horizon-
tal stress after accounting for finite
pressuremeter length is:

(0)0) =0, —0.63S, —0.073S,In1, (54

where o, is the in situ total horizontal stress

derived directly from the one-dimensional
analysis of Houlsby and Withers (1988).

Yu (1990) applied equation (54) to the cone pres-
suremeter test data reported by Houlsby and Withers
(1988) and found that the measured total horizontal
stresses with finite length corrections are consistent
with those measured from self-boring pressuremeter
tests (see Figure 25). This has been further con-
firmed recently by Powell (2004) after applying
equation (54) to a large number of cone pressureme-
ter tests in other clays.
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Figure 25: Measured in situ horizontal stresses with various methods for tests at Madingley, Cambridge (after Yu, 1990)

7 FLAT DILATOMETER TESTS IN CLAY

7.1 Overview

The flat dilatometer (shown in Figure 26) is being
used increasingly in geotechnical practice to obtain
design parameters for a variety of soils (Marchetti,
1980; Marchetti et al., 2001). This is because

1) Itis simple to operate and maintain.

2) It does not rely on minimizing disturbance dur-
ing insertion.

3) It provides a repeatable and continuous profile of
the measured parameters.

To date, however, the interpretation of the test has

been performed almost exclusively using empirical

methods (Marchetti, 1980; Lutenegger, 1988; Cam-

panella and Robertson, 1991; Mayne and Martin,

1998). Research aiming at a better understanding of

the fundamental mechanics of the dilatometer test is

very limited and seems to be only related to tests in

undrained clay. These existing studies were based on

either strain path analysis (Huang, 1989; Finno,

28

1993; Whittle and Aubeny, 1993) or flat cavity ex-
pansion methods (Yu et al, 1993; Smith and
Houlsby, 1995).

7.2 Total stress flat cavity expansion analysis

As a simple model, Yu et al. (1993) proposed that
the installation of a flat dilatometer can be simulated
as a flat cavity expansion process. This is consistent
with the usual practice of modelling cone pressure-
meter installation as a cylindrical cavity expansion
process (Houlsby and Withers, 1988). The differ-
ence is that no analytical solutions are available for
the expansion of a flat cavity in soils. Therefore nu-
merical methods must be used for modelling dila-
tometer tests. Whilst it is expected that the simple
two-dimensional flat cavity expansion modelling
approach will introduce errors in the calculated
stresses close to the tip of the dilatometer blade, the
stresses predicted at some distance behind the dila-
tometer tip would be reasonably accurate (Finno,
1993).
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Figure 26: Setup and procedure of the flat dilatometer testing
(after Marchetti et al., 2001)

By using a linear elastic-perfectly plastic Tresca
soil model, Yu et al. (1993) conducted a finite ele-
ment analysis of the dilatometer installation. The
numerical results showed that the first pressure read-
ing (i.e. lift-off pressure) of the dilatometer F,can
be linked to the in situ total horizontal stress o, and
stiffness index I, =G/S,, in terms of a dilatometer

factor N, as follows:

P —
Np, :%%:1_571111,—1.75 (55)
u

The numerical study indicates that the lift-off pres-
sure of the dilatometer is similar to that of a cone
pressuremeter. This theoretical finding is in agree-
ment with experimental observation (Lutenegger and
Blanchard, 1990).

In addition, Yu et al. (1993) noted that the dila-
tometer factor N, may be usefully linked to the dila-

tometer horizontal stress index K, and the coeffi-
cient of earth pressure at rest K, =o,,/c), as
follows:

S
K,-K,=N, x— (56)

Oy

7.3 Effective stress flat cavity expansion analysis

To account for the effect of soil stress history, the
installation of the dilatometer into undrained clay
can be analysed using an effective stress formulation
in conjunction with a critical state model. Together
with his student Mr. C. Khong, the Author has car-
ried out a parametric study using the critical state
model CASM which was developed by Yu (1998).
The model CASM has been implemented into the fi-
nite element programme CRISP, which was then
used in dilatometer analyses. The material constants
used are relevant to three different clays as given in
Table 3.

Table 3: Clay constants used in CASM

Clay London Weald Speswhite
clay clay kaolin clay

M 0.89 0.9 0.86

A 0.161 0.093 0.19

K 0.062 0.025 0.03

H 0.3 0.3 0.3

r 2.759 2.06 3.056

n 2.0 4.5 2.0

r 2.718 2.718 2.718

For a given clay, it is possible numerically to re-
late the dilatometer factor, N B with the overcon-

solidation ratio of the soil. It is well known that OCR
is used to denote the overconsolidation ratio defined
in terms of vertical effective stress. Overconsolida-
tion ratios can also be defined in terms of mean ef-
fective stress, which is usually denoted by R (Wroth,
1984). The exact relationship between these two
overconsolidation ratios is complex and depends on
the actual consolidation history of the soil. For ex-
ample, they become identical for an isotropically
consolidated soil sample (Wroth, 1984) and for a
one-dimensionally consolidated sample it may be
shown that R tends to be somewhat smaller than
OCR (Wood, 1990).

The preliminary numerical studies reported here
refer to the plane strain analysis of a dilatometer in-
stallation into an isotropically consolidated clay, and
in this case the two definitions of overconsolidation
ratio become identical. As shown in Figure 27, the
finite element results indicate that the dilatometer
factor may be linked to the initial state (overconsoli-
dation ratio) of the clay by the following form:

_ B =0
Po S

u

N =¢,(OCR)” (57
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where ¢, and c, are constants depending on mate-
rial type. For the three clays used, their values are:
¢, =617 and c¢,=-0.086 for London clay;
¢, =724 andc, =-0.121 for Weald clay; and
¢, =6.65 and c, =—0.046 for Kaolin clay.

8 -
Nm
—*— Weald clay
77 ——Kaolin
—+— London clay
6 1
54
4 T T T )
0 5 10 15 20

OCR

Figure 27: Theoretical correlation between dilatometer index
and OCR

By combining equations (57) and (56), we can ob-
tain the following relationship:

K, -K, =c(0OCR)" x S;' (58)
o-v(J

Wroth (1984) showed that for isotropically con-
solidated soils the critical state theory links the un-
drained strength ratio to the OCR in an elegant form:

A
S:( _M(OCRJ (59)
o, 2 r
where r is the spacing ratio (Yu, 1998) and

A =(A—xK)/A. The validity of this theoretical pre-
diction has been confirmed by experimental data
(Ladd et al., 1977). In addition, Mayne and Kulhawy
(1982) showed that K, may be empirically related

to the OCR as follows:

K, = (1-sin $)(OCR)"™"¢ (60)

30

257
* Weald clay
20 * Kaolin Lo
OCR 4 London clay
15 A
10 A
Marchetti (1980)
57 K\
OCR = (—“J
2
0 T T T T 1
2 4 6 8 10 12

Kp
Figure 28. Theoretical correlation between K, and OCR

By using equations (59) and (60) and noting
sing =3M/(6+ M), equation (56) gives a theoreti-
cal correlation between K, and the OCR:

6—2M Mo e M
= OCRorm +—
D6+ M ( ) 2t

(OCRY>*™  (61)

which is shown in Figure 28 for the three clays con-
sidered.

Furthermore, equations (60) and (61) can be com-
bined to give the following correlation between K,

and K :

K,=K,+

cIM{(6+M) ©2)

M eren)
20 (6-2M) °

which is shown in Figure 29 for the three clays con-
sidered.

2.5 7
X Weald clay
) * Kaolin
4 London clay
Ko
1.5 7

Marchetti (1980)
2 0.47
K, = (5 KDJ -0.6

0.5 T T T T 1

Kp

Figure 29: Theoretical correlation between K, and K,
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It is clear from these comparisons that whilst the
empirical correlations of Marchetti (1980) may be
reasonable for some clays, they could be very inac-
curate for others depending on their mechanical
properties. In particular, the theoretical OCR—-K
correlations for the three clays considered show con-
siderable differences from the Marchetti correlation.
This difference was also observed by Powell and
Uglow (1988) when comparing the Marchetti’s cor-
relations with field dilatometer test data obtained in
several UK clays.

7.4 Strain path analysis

In an important contribution, Huang (1989) imple-
mented a numerical technique to conduct strain path
analysis for arbitrary three-dimensional penetrome-
ters. Further strain path analyses of the installation
of flat dilatometers in clays were reported by Whittle
and Aubeny (1993) and Finno (1993).

Whilst these studies have provided useful in-
sights, their scopes were rather limited and no theo-
retical correlations were produced for direct use in
practice. The parametric study reported by Finno
(1993), using a bounding surface soil model for rela-
tively low OCR values, seems to support the empiri-
cal correlation between K, and the OCR proposed

by Marchetti (1980).

8 FLAT DILATOMETER TESTS IN SAND

8.1 Overview

Very little work has been published on the analysis
of dilatometer tests in sand. The existing correlations
are almost entirely empirical in nature. Due to vol-
ume changes, it is not straightforward to extend
strain path analysis to sand. However, the approach
of simulating dilatometer installation as a flat cavity
expansion process can be equally used for both clay
and sand.

Presented below are the results of finite element
simulations of the installation of a dilatometer in
sand performed by the Author and his students Mr.
C.D. Khong and Mr. X. Yuan.

8.2 Drained shear strength

Following the study of Yu et al. (1993) in clay, the
insertion of a dilatometer in sand has been modelled
as a flat cavity expansion process. First we model
the sand using a linear elastic, perfectly/plastic
Mohr-Coulomb theory. The aim of the study is to
theoretically link the dilatometer horizontal index
K, with the fundamental soil properties. The com-

mercial finite element package, ABAQUS, was used

in the numerical simulations with the Mohr-
Coulomb model.

In the parametric study reported here, the friction
angle ¢ varies from 30 to 50 degrees. In addition,
soil stiffness index (G/py) is varied from 200 to
1500. The dilation angle  is derived from the angle

of friction using Rowe’s stress dilatancy relation

(Bolton, 1986) by assuming a value of 30° for the
critical state friction angle.

QN‘N

300 7
G
250 1 —~ =1500

=

200

Q

=1000

—=

]
S

150 1

Q

100 7/./_/.,//' ~ =500
e =200

- =

Qs

S
S

Friction angle ¢ (degrees)

Figure 30: Theoretical correlation for deriving friction angle

Figure 30 shows that whilst the normalised dila-
tometer horizontal index K, /K, increases with soil
friction angle, the influence of the soil stiffness in-
dex G/p; is also very significant. This is because a
large initial part of the dilatometer insertion process
occurs when soil is in an elastic state. As a result, the
first reading of the dilatometer is a strong function of
soil stiffness.

Average correlation

K,/K
0254 | G/p'

2 =-0.0001¢> +0.0125¢4 — 0.1967

0

0 T T T 1
30 35 40 45 50

Friction angle ¢ (degrees)

Figure 31: Normalised correlation for deriving friction angle

The numerical results presented in Figure 30 are
re-presented in Figure 31 so that a single equation
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may be used to relate the normalised horizontal in-
dex with friction angle and stiffness index, namely

K, /K, | KD/KO}
=1013 —42.4 26.5 (63
’ [G/ps} {G/pa $263 (63

which clearly shows that estimates for both the stiff-
ness index and the in-situ horizontal stress coeffi-
cient must be made before the angle of soil friction
can be deduced from K, values measured from the
dilatometer tests.

8.3 In situ state parameter

As a better alternative to the perfectly plastic Mohr-
Coulomb theory, the unified state parameter model
CASM (Yu, 1998) can be used to model sand behav-
iour. A previous section reported that CASM has
been used successfully to model dilatometer tests in
undrained clay. Here we report the results of a finite
element analysis of the dilatometer installation in
sand modelled by CASM. Like most other critical
state models, CASM uses a pressure-dependent
shear modulus. The parametric study reported here
uses material model constants relevant to four well-
known reference sands, listed in Table 4.

KD

1617 K,

—+— Hokksunk sand
—— Kogyuk sand
—*- Reid Bedford sand 4 -

N

=< Ticino sand

r T T T O 1

-0.2 -0.15 -0.1 -0.05 0 0.05
In situ state parameter (&)

Figure 32: Theoretical correlations for deriving in situ state pa-
rameter

The numerical results are plotted in Figure 32 in
terms of the normalised dilatometer horizontal index
K, /K, against the in situ state parameter &, prior

to the dilatometer insertion. As expected, the nor-
malised dilatometer horizontal index increases when
the in situ state parameter decreases from a positive
value (i.e., looser than critical state) to a negative
value (i.e., denser than critical state).

32

Table 4. Sand constants used in CASM

Sand | Hokksund | Kogyuk | Ticino | Reid Bed-
sand sand sand ford sand

M 1.29 1.24 1.24 1.29

A 0.024 0.029 0.04 0.028

K 0.01 0.01 0.01 0.01

H 0.3 0.3 0.3 0.3

r 1.934 1.849 1.986 2.014

n 2 2 2 2

r 10 10 4 10

The correlation does depend on the soil type. For
practical application, however, an average correla-
tion may be useful (Figure 33). This is given below:

K
—L — 18544, —68.2&,+7.3 (64)
K,
Average correlation
> K
L% = 185447 -68.2£,+7.3 —
K K
0
* Hokksunk sand x
1
4 Kogyuk sand N ¢
* Reid Bedford sand 4 x M
* Ticino sand x
T T T T U 1
-0.2 -0.15 -0.1 -0.05 0 0.05

In situ state parameter (&)

Figure 33: Average correlation for deriving in situ state pa-
rameter

Alternatively, the in situ state parameter may be

estimated from the normalised dilatometer horizon-
tal index using the following equation:

2

&, =—0.002 Xy +0.015 Xy +0.0026  (65)
KO KO

9 PARTICLE MECHANICS APPROACH

9.1 Overview

So far almost all the analyses of in situ tests have
been based on continuum mechanics by treating
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soils as a continuous medium. A useful alternative,
particularly for granular material, would be to treat it
as a system of discrete particles. The theory of this
approach is known as particle or discontinuous me-
chanics (Harr, 1977; Cundall and Strack, 1979). Ap-
plication of this approach to the analysis of real soil
mechanics problems is still limited because it re-
quires a large number of particles to be used and
therefore demands extensive computer resources.

9.2 DEM modelling of deep penetration in sand

Huang and Ma (1994) were among the first to apply
the discrete element method (DEM) to simulate deep
penetration in sand. In their study, a plane strain
penetrometer was pushed into a ground made of a
large number of particles. However, the number of
simulations reported by them was very limited.

To gain further insights, a study using DEM to
simulate deep wedge penetration in sand has been
carried out most recently by Yu et al. (2004), who
used a two-dimensional, plane strain DEM code that
was an extended version of Jiang et al. (2003). The
cohesionless soil chosen has a particle size distribu-
tion as shown in Figure 34. Due to the geometric
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Figure 34: Particle size distribution of cohesionless soil
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Figure 35: Initial stress state of cohesionless soil

(a) Position D-2: y/R =2

(c) Position D-4: y/R =6

(d) Position D-5: y/R = 8
Figure 36: Process of deep penetration modelled by DEM

symmetry of the problem, only half of the medium-
dense granular ground with a void ratio of 0.24 was
considered. The penetrometer used in the simula-
tions has a half-width of R=18 mm with an apex an-
gle of 60° and is composed of 3 rigid walls, i.e. fric-
tional tip wall, frictional and frictionless sleeve
walls. A DEM-based simulation of deep penetration
takes the following main steps:

1) A soil layer of 10,000 particles was first gener-
ated using the undercompaction method (Jiang et
al. 2003) with depth and width as 16R and 17.5R
respectively.

2) The soil layer was then allowed to settle under
an amplified gravity field of 1000g.

3) The top wall was removed to simulate a free
boundary, and the remaining walls are kept as
frictionless.

4) The outside boundary was divided into 10 small
sections of the same height and the pressure on

Proceedings ISC’2 on Geotechnical and Geophysical Site Characterization, Viana da Fonseca & Mayne (eds.) 33



each section was measured, and kept as a con-
stant during the penetration to simulate a K|,

stress boundary condition, see Figure 35.

5) By choosing different values of the tip (sleeve)-
particle friction, between 0 and 1.0, the penetro-
meter was pushed downward at 2 mm/s and sev-
eral aspects of the test results were analysed.
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Figure 37: Penetration resistance versus penetration depth
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Figure 38: Normalised penetration resistance (cone factor) ver-
sus penetration depth

The continuous penetration process of a wedge
penetrometer from the ground surface is shown in
Figure 36 for both smooth and rough soil-
penetrometer interfaces. As shown in Figure 37, the
penetration resistance increases steadily with pene-
tration depth and as expected a rough penetrometer
generates a higher resistance. Plotted in Figure 38
are normalised penetration resistances (equivalent to
the cone factor for cone penetrometers) against
penetration depth. The pattern predicted with the
discrete element method (DEM) is consistent with
what was observed in both centrifuge testing of a
cone penetrometer (Bolton et al., 1999) and calibra-
tion chamber testing of a plane strain pile (White,

34

2002) and a cone penetrometer (Houlsby and
Hitchman, 1988).

10 CONCLUSIONS

10.1 Overview

The rational interpretation of in situ tests depends on
the successful analysis of corresponding boundary
value problems. As in the solution of most other soil
mechanics and geotechnical engineering boundary
value problems, continuum mechanics forms the
main theoretical basis, although particle mechanics-
based discrete element methods have the potential to
further advance our understanding of in situ testing
processes in granular soil.

Incomplete as this review had to be, the Author
hopes that it has conveyed an idea of the tremendous
development that has occurred in this field during
the last two decades. In particular, significant pro-
gress has been made in developing the rational theo-
retical basis for the interpretation of pressuremeter
tests in soils. Good progress has also been achieved
in understanding the mechanics of cone penetration
and dilatometer tests in undrained clay. These
achievements justify the expectation that the next
decade will see a more rapid development of me-
chanics-based, rigorous interpretation methods for in
situ tests in some of the geomaterials that have so far
proved intractable.

Mitchell et al. (1978) correctly pointed out that
the refinement of existing procedures and further
development of new methods of interpretation is an
on-going process. Indeed, much research is still
needed in further enhancing our understanding in the
following key areas:

1) The mechanics of cone penetration/cone pres-
suremeter tests in granular soil.

2) The mechanics of flat dilatometer tests in soil.

3) The effect of layered soils on in situ test results.

4) The effect of partially saturated soils on in situ
test results.

5) The interpretation of in situ tests in soils other
than clay and sand.

6) The interpretation of in situ tests in granular soil
by accounting for the effects of particle crushing
and non-coaxial behaviour.

10.2 Self-boring pressuremeter tests

1) The one-dimensional cavity expansion theory
proves to be a useful theoretical framework for
the interpretation of self-boring pressuremeter
tests.
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2) The two-dimensional pressuremeter geometry
effects appear to be significant but can be easily
accounted for by applying the correction factors
derived from finite element analysis.

3) The undrained condition assumed for tests in
clay is valid only when the coefficient of perme-

ability is less than 10~ m/s.

10.3 Cone penetration/cone pressuremeter tests

1) The one-dimensional cavity expansion theory
(applicable to both clay and sand) and the two-
dimensional strain path method (applicable to
undrained clay only at the present time) prove to
be useful theoretical frameworks for the interpre-
tation of cone penetration/cone pressuremeter
tests.

2) The newly developed steady-state finite element
technique and large strain finite element methods
with adaptive remeshing are more general meth-
ods and potentially should provide a more accu-
rate theoretical basis for the understanding of
cone penetration/cone pressuremeter in soils.

3) The discrete element method (DEM) has the po-
tential to be a useful theoretical tool for advanc-
ing our understanding of cone penetration/cone
pressuremeter tests in granular soil.

10.4 Flat dilatometer tests

1) The two-dimensional flat cavity expansion me-
thod (applicable to both clay and sand) and the
three-dimensional strain path method (applicable
to undrained clay only at the present time) prove
to be wuseful theoretical frameworks for
modelling the installation of the flat dilatometer
in soils.

2) The discrete element method (DEM) should pro-
vide a useful numerical tool for modelling the
installation of a dilatometer into granular soils.

3) Other numerical techniques, such as three-
dimensional finite element methods, will be re-
quired to model the expansion of the dilatometer
following its insertion into the ground. No work
of this type has been reported.
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