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Influence of structure on the time-dependent behaviour of a stiff
sedimentary clay

K. K. SORENSEN
�
, B. A. BAUDET† and B. SIMPSON‡

In this paper results from laboratory tests on London
Clay and artificially cemented kaolin are presented and
used to develop a preliminary framework for the time-
dependent behaviour of soils, applicable to stiff clays and
other soils. In the same way that the natural structure of
clays has been shown to influence their monotonic behav-
iour, it is shown that it can also alter their response to
changes in strain rate. The relative influence of the two
main components of post-sedimentation structure—over-
consolidation and diagenesis—on the time-dependent be-
haviour of London Clay was investigated in triaxial
compression tests. The study was carried out in two
steps, comparing first the behaviours of normally and
overconsolidated reconstituted samples of London Clay
subjected to stepwise changes in strain rate, and then the
behaviours of overconsolidated reconstituted and undis-
turbed London Clay samples. The test results show that
overconsolidation does not seem to affect the response of
reconstituted London Clay to strain rate changes, which
is consistent with published data on other stiff clays.
However, intact and reconstituted overconsolidated sam-
ples show different behaviours, highlighting that it is the
elements of structure resulting from diagenesis that in-
fluence the time-dependent behaviour of London Clay.
Effects of cementing on strain rate sensitivity were in-
vestigated in triaxial compression of artificially cemented
kaolin. The results obtained were different from the
results for London Clay, suggesting that the difference in
strain rate effects in the intact and reconstituted London
Clay cannot be simply associated with cementing. A
preliminary framework is proposed, where the time-
dependent behaviour of soil depends on its particulate or
continuum nature.

KEYWORDS: clays; fabric/structure of soils; laboratory tests;
time dependence

Cet article présente des essais réalisés en laboratoire sur
de l’argile de Londres (London Clay) et du kaolin cimenté
artificiellement. Ils sont utilisés pour développer un cadre
préliminaire pour le comportement dépendant du temps
des sols, applicable aux argiles raides et autres sols. De la
même manière qu’il a été prouvé que la structure natur-
elle des argiles influence leur comportement monotone, il
est montré qu’elle affecte également leur réponse aux
changements en terme de vitesse de déformation. Des
essais de compression triaxiale ont permis d’étudier l’in-
fluence relative des deux principaux composants de struc-
ture post-sédimentation, surconsolidation et diagénèse, sur
le comportement en fonction du temps de l’argile de
Londres (London Clay). L’étude a été réalisée en deux
temps. Tout d’abord, les comportements d’échantillons de
London Clay reconstitués, normalement consolidés et sur-
consolidés, soumis à des changements incrémentiels de
vitesse de déformation ont été comparés. La comparaison
a ensuite été réalisée entre les comportements d’échantil-
lons de London Clay reconstitués surconsolidés et non
remaniés. Les résultats montrent que la surconsolidation
ne semble pas affecter la réponse de l’argile de Londres
(London Clay) reconstituée en terme de changements de
vitesse de déformation, ce qui est cohérent avec les don-
nées publiées sur d’autres argiles raides. Cependant, les
échantillons intacts et reconstitués surconsolidés affichent
des comportement différents, soulignant ainsi que ce sont
les éléments de structure résultant de la diagénèse qui
influencent le comportement en fonction du temps de
l’argile de Londres. Des essais de compression triaxiale
réalisés sur du kaolin artificiellement cimenté ont permis
d’évaluer les effets de la cimentation sur la sensibilité de
la vitesse de déformation. Les résultats obtenus sont
différents de ceux observés avec l’argile de Londres,
suggérant ainsi que la différence en terme d’effets de
vitesse de déformation pour les échantillons intacts et
reconstitués d’argile de Londres ne peut pas être simple-
ment associée à la cimentation. Un modèle préliminaire
est ici proposé, où le comportement en fonction du temps
du sol dépend de sa nature particulaire ou continue.

INTRODUCTION
The time dependence of soil behaviour plays an important
role for predicting the short- and long-term performance of
geotechnical structures. Various studies reported in the litera-
ture show that different soils—for example sands, weak
rocks and soft clays—have different responses to changes in

strain rate. Little is known of the factors that cause these
differences. A difficulty in studying rate effects is that they
are usually small, and unless the effects are investigated on
tests where the stress or strain rate is changed in a stepwise
manner it is not possible to differentiate specimen and test
variability from real rate effects. There are not many reliable
data available on the time-dependent behaviour of stiff clays,
particularly natural stiff clays. This paper adds valuable data
on the effects of changes in strain rate in a stiff sedimentary
clay of marine origin—London Clay—for which no compre-
hensive set of data on strain rate effects is currently avail-
able, and examines whether structure is one factor that
affects its time-dependent behaviour. The data presented are
from rigorous varying stress or strain rate tests on both
reconstituted and intact clay, which makes them a unique
reliable source of reference for rate effects in London Clay.
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The structure of clays is usually referred to as a combina-
tion of fabric (arrangement between particles) and bonding
(forces between particles) (Mitchell, 1976). Several studies
on stiff clays have highlighted the differences between the
behaviours of natural and reconstituted clay (e.g. Vallericca
Clay, Rampello & Silvestri, 1993; Pappadai Clay, Cotecchia
& Chandler, 1997; London Clay, Gasparre et al., 2007).
These differences are attributed to the natural structure that
developed in the soil during and/or after sedimentation. Clay
structure can be unstable, with significant effects on the
compressibility and strength of the soil (e.g. Pisa Clay;
Callisto & Calabresi, 1998), but the existence of a macro-
fabric, for example in varved clays (Connecticut Valley
Varved Clay; DeGroot & Lutenegger, 2003) or in layered
clays (Sibari Clay; Coop & Cotecchia, 1995), can enable the
clay to remain stable upon loading. By analogy several
authors have proposed that for simplification the (micro-)
fabric of soils could be used to describe the stable compo-
nents of structure, and that bonding could be used to refer
to the unstable components of structure of the soil (Coop et
al., 1995; Baudet & Stallebrass, 2003). This is a convenient
analogy, which will be used in this paper so that stiff
sedimentary clays can be said to usually have a large
overconsolidation ratio and a structure dominated by fabric.

A simple classification of structure has been proposed by
Cotecchia & Chandler (2000), whereby ‘sedimentation’
structure refers to the elements of structure developed during
sedimentation and consolidation, whereas ‘post-sedimenta-
tion’ structure refers to the elements of structure developed
after sedimentation and burial. The geological processes that
allow the development of natural structure post-sedimenta-
tion and burial can be mechanical unloading (overconsoli-
dation), change in physical or chemical composition
(diagenesis), and cementation. Usually the phenomena other
than mechanical unloading are referred to as ageing effects.
Ageing effects are one of the aspects of a soil time
dependence. In natural soils these effects have accumulated
over geological periods of time, but they can sometimes be
observed in the laboratory. For example, Perret et al. (1995)
carried out a drained creep test in the oedometer on a
normally consolidated specimen of a sample of artificially
sedimented Jonquière Clay from Canada, where the speci-
men was allowed to rest for 3 months under a constant
vertical stress corresponding to its preconsolidation pressure.
On re-loading the specimen an increase in the yield vertical
effective stress was observed that could not be explained by
the change in void ratio in the specimen only. This effect
seems to be encountered in soils only when the rate of
straining becomes slow enough to allow ageing effects to
dominate the stress–strain behaviour, as was observed by
Leroueil et al. (1996) in one-dimensional compression tests
on the same artificially sedimented Jonquière Clay at axial
strain rates of the order of 0.036%/h. In artificially cemented
soils, at early stages of curing the rate of ageing (in this
case curing of the cement) is very high, and ageing effects
are typically found to dominate the behaviour even under
high applied axial strain rates, for example greater than
2.6%/h (Sorensen et al., 2007). Older clays, such as stiff
clays that have aged over a geological time for typically
millions of years, have very slow rates of ageing, which so
far have proved too difficult to characterise during labora-
tory-scale periods of time (e.g. undisturbed London Clay;
Yimsiri, 2001). However, the influence of structure resulting
from ageing can be investigated with laboratory tests, as will
be shown in this paper.

A complicated problem to investigate is the interaction
between ageing effects and strain rate effects, strain rate
effects being the second aspect of time dependence of soils.
Strain rate effects are usually referred to as viscous effects,

as they are linked to the viscosity (dependence of shear
stress on shear strain rate) of a soil. Investigating strain rate
effects in stiff clays necessarily involves studying the inter-
action with ageing, and in particular the influence of struc-
ture on the viscous behaviour of the clay. The work
presented focuses on understanding the relative influence of
the two main components of post-sedimentation structure—
overconsolidation and diagenesis—on the time-dependent be-
haviour of London Clay. The influence of structure was
studied in two steps: first the influence of structure induced
by mechanical unloading was identified, and then the influ-
ence of structure induced by ageing was observed. This was
achieved by comparing the behaviours of normally and over-
consolidated reconstituted samples of London Clay subjected
to stepwise changes in strain rate in triaxial compression,
and then comparing the behaviours of overconsolidated
reconstituted and undisturbed London Clay samples. The
tests performed to investigate time effects in London Clay
were long—generally weeks, and up to 3 months in some
cases—and complex. These factors increased the risk of
failure of the system during testing, and meant that the tests
could not be repeated.

As cement is one aspect of the structure of stiff clays, the
set of tests on London Clay was complemented by a series
of triaxial compression tests on artificially cemented kaolin,
as a way to investigate the interaction between ageing (in
this case curing of the cement) and strain rate effects in
laboratory time. A preliminary framework is proposed based
on these results, where the time-dependent behaviour of soil
depends on its particulate or continuum nature. This paper
describes the results of this research.

TESTING MATERIALS AND SAMPLE PREPARATION
London Clay

London Clay was deposited under marine conditions in
the Eocene period, around 30 million years ago. The clay
minerals present are illite and, to a lesser extent, kaolinite
and smectite. Natural London Clay can be characterised as a
very stiff and heavily overconsolidated fissured clay
(Skempton & Henkel, 1957). Nominally undisturbed London
Clay samples were retrieved from the ground investigation at
Heathrow Airport Terminal 5 (T5), West London, by means
of high-quality rotary coring. Rotary cores, 100 mm in
diameter, were obtained from a depth of 13.95–15.45 m
below ground level, corresponding to the top of the
B2(b)-sub-unit, and wax-sealed at the site (Gasparre, 2005).
Geotechnical index properties of the London Clay samples
are given in Table 1.

Within the B2(b)-sub-unit Gasparre et al. (2007) recorded
an overconsolidation ratio (OCR), defined as the ratio of the
maximum (vertical) preconsolidation stress � 9p to the current
vertical stress � 9v, of about 8.5, based on the geological
history of the clay; the yield stress ratio (YSR), defined as
the ratio of the gross yield stress to the current stress, was
found to vary between 9 and 24. According to Cotecchia &
Chandler’s (2000) framework the values of OCR and YSR
are similar for clays where the post-sedimentation structure
results from overconsolidation only, whereas a structure
arising from post-sedimentation diagenetic processes will
result in a value of YSR greater than that of the OCR. For
the samples investigated, Gasparre et al. (2007) showed
evidence that the state boundary surface for the intact clay
lies far outside that for the reconstituted clay, which suggests
that diagenesis occurred throughout the whole clay deposit
after deposition and burial, and created a post-sedimentation
structure in the clay. Additional evidence from micrographs
shows that fabric rather than cementing is responsible for
the different structure in the natural clay (Gasparre et al.,
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2007). In this paper, differences between the time-dependent
behaviours of the overconsolidated reconstituted and undis-
turbed clay samples will be interpreted as differences in
(micro-)structure.

The undisturbed specimens of London Clay were cut
vertically from homogeneous parts of the centre of the
rotary cores. Using a soil lathe placed in a simple purpose-
built humidity chamber the samples were hand-trimmed into
cylinders with a diameter of 38 mm and subsequently
trimmed to 76 mm in length. The reconstituted specimens of
London Clay were created by thoroughly mixing trimmings
from the undisturbed rotary core with tap water until a
homogeneous paste was obtained at a water content of about
1.6 times the liquid limit. The paste was then preconsoli-
dated under a vertical effective stress of 90 kPa in a tall
Perspex floating-ring consolidometer (inner diameter 38 mm)
to make the specimens strong enough to handle. For the
overconsolidated (OC) sample the preconsolidation was car-
ried out under a vertical effective stress of about 1500 kPa
in the consolidometer, so that at the start of shearing from
the isotropic stress state p9 ¼ 300 kPa the soil had an
overconsolidation ratio of about 5. After preconsolidation
and extrusion the specimens were cut to about 76 mm in
length before being set up in the triaxial cell.

Artificially cemented kaolin
To reproduce cementation effects similar to what is ob-

served over many years in natural clays, artificially cemented
clay was produced by mixing TA kaolin clay with a small
quantity of rapid-hardening Portland (RHP) cement. The
interrelationship between strain rate and cementation (age-
ing) effects could then be observed in the artificially ce-
mented clay in laboratory time. TA kaolin is an inorganic
high-plasticity clay, which is extracted regionally in Japan
from weathered granite and has similar characteristics to
Speswhite kaolin. The geotechnical index properties of TA
kaolin are given in Table 1. RHP cement was chosen to
achieve a rapid hydration, with the majority of the strength
increase reached within a couple of days.

Specimens of cemented kaolin 50 mm in diameter and
100 mm high were prepared from a mixture of kaolin and
3% RHP cement (by weight), mixed dry in a standard
kitchen blender. The soil–cement mix was pre-compressed
under dry conditions in a tall split mould to a vertical
effective pressure of about 600 kPa before being set-up in
the triaxial cell. In the cell the specimens were initially
subjected to 90 kPa suction and then slowly saturated
through the top and bottom drainage leads. As the suction
decreased during saturation the cell pressure was increased
to keep the effective isotropic stress at about 100 kPa. The
commencement of curing has been taken as the point of
saturation.

TESTING APPARATUS AND TEST PROGRAMME
Triaxial tests on reconstituted and undisturbed samples of
London Clay

The tests on London Clay were performed in a computer-
controlled stress path triaxial apparatus (Bishop & Wesley,

1975) with strain-controlled loading. Miniature linear vari-
able differential transformers (LVDTs) (Cuccovillo & Coop,
1997) were utilised for local strain measurements in both the
axial and radial directions. Radial drains were used on the
specimens, and pore water drainage was through the base.

Following saturation in the triaxial cell under a back-
pressure of 300 kPa the samples were generally isotropically
compressed to a mean effective stress p9 ¼ 300 kPa, corre-
sponding to an OCR of about 7 for the intact samples and
of about 5 for the OC reconstituted sample (refer to Table
2). The samples were then sheared either drained or un-
drained in triaxial compression from the initial isotropic
stress state. To characterise the viscous behaviour in shearing
the axial strain rate was changed in a stepwise manner. In
each test the nominal axial strain rate was controlled
by means of a stepping motor and varied between two to
three different levels in the interval between 0.007%/h and
0.05%/h in drained tests and in the interval between
0.007%/h and 0.9%/h in undrained tests. The strains and
strain rates used for analysis and plotting were measured
from local transducers. Additionally, the viscous behaviour
was characterised during isotropic compression of normally
consolidated (NC) reconstituted London Clay by changing
the confining stress rate in a stepwise manner between
1 kPa/h and 3 kPa/h.

In the following, the strain rate effects during shearing
refer to axial strain rate effects. Hence, during drained
shearing, the rate effects will include components of both
volumetric and deviatoric strain rate effects. During un-
drained shearing the shear strain rate was proportional to the
axial strain rate, whereas in drained shearing the radial strain
rate was typically found to be minor, and the shear strain
rate could also here be assumed proportional to the axial
strain rate. Where possible, the influence of strain rate
changes has been investigated on the relationship between
shear stress and shear strain. Tables 2 and 3 summarise the
tests on London Clay presented here.

Triaxial tests on cement-mixed kaolin
Tests on the cemented kaolin were performed in a stress

path triaxial apparatus with a manually regulated hydraulic
cell-pressure and back-pressure system and a computer-
controlled mechanical axial loading system (Santucci de
Magistris & Tatsuoka, 1999). The system made it possible
to perform loading under constant confining pressure at very
accurately controlled rates of axial strain. Axial strains were
measured externally. Radial drains were used on the speci-
mens, and pore water drainage was through both the top and
the base of the specimen.

Generally, after saturation at isotropic stress state (p9 ¼
100 kPa) the samples were sheared under fully drained
conditions in triaxial compression. At a relatively high
deviator stress of q ¼ 230 kPa the samples experienced a
prolonged constant effective stress creep period of 2 days.
Following the creep stage the samples were sheared, drained,
to failure. To characterise the viscous behaviour the axial
strain rate was changed in a stepwise manner, varying
between two or three different levels in the interval between
0.078%/h and 2.6%/h. No local measurements were made

Table 1. Geotechnical index properties of testing materials

Material wp: % wL: % PI: % Gs CF: %

TA kaolin (Komoto, 2004) 21 46 25 2.68 �100
London Clay, B2(b)-sub-unit (Gasparre, 2005) 28 65 37 2.65–2.76 54
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during testing: thus the graphs are plotted in terms of
external axial strains. Table 4 summarises the tests on ce-
ment-mixed kaolin presented here.

STRAIN-RATE-DEPENDENT BEHAVIOUR OF
NORMALLY CONSOLIDATED RECONSTITUTED
LONDON CLAY

Samples S1LCrA2 and S2LCrA2 were reconstituted and
consolidated to a normally consolidated (NC) state prior to
testing. The influence of strain rate on the behaviour of the
NC reconstituted stiff clay was studied for isotropic com-
pression and shearing stress paths, drained and undrained.
Fig. 1 shows the response of reconstituted London Clay to
changes in stress rate during isotropic compression. Different
stress rates or strain rates define different normal compres-
sion lines (NCLs) parallel to each other, with the NCL for
the higher rates plotting above those for the lower rates. For
a stress rate equal to zero (i.e. fixed effective stress) the clay
will creep with decreasing void ratios until the strain rate
becomes insignificant, defining a lower-bound NCL. Com-
paring with published results on other clays but from one-
dimensional tests (e.g. Batiscan clay, Leroueil et al., 1985;
reconstituted Fujinomori clay, Acosta-Martinez et al., 2003;
and other soft undisturbed and reconstituted stiff clays, listed
in Table 5), the general stress rate sensitivity seems to be
comparable in both anisotropic and isotropic compression.
Although the general response to strain rate changes appears
to be independent of stress conditions, the magnitude of the

rate effects is likely to be influenced by the contribution to
the volumetric compression from the deviator stress under
anisotropic one-dimensional stress conditions; however, this
is not investigated further here.

Figure 2 shows the stress–strain response of the NC
reconstituted clay to drained shearing. The test failed at an
early stage: thus data are available only up to 1.5% shear
strain, but it is clear from the plot that at small strains the

Table 2. Details of triaxial compression tests performed on London Clay specimens

Sample Description Pre-consolidation Shearing

Drainage
conditions

p90: kPa e0 OCR Nominal axial strain
rates: %/h

S1LC Undisturbed In situ to � 9v � 2000 kPa* Undrained 300 0.70y �7 0.05, 0.2, 0.8
S2LC Drained 0.72{ 0.007, 0.05
S2LCrA5 Reconstituted 1D consolidation to

� 9v � 1500 kPa
Undrained 0.75{ 5 0.007, 0.05, 0.5

S1LCrA2 1D consolidation to
� 9v � 90 kPa

Undrained 0.89{ 1 0.05, 0.2, 0.9

S2LCrA2 Drained 0.92{ 0.007, 0.015, 0.05

�
Estimate of maximum overburden pressure (after Skempton & Henkel, 1957).

yBased on initial water content and volumetric deformation calculated from local strain measurements.
{Based on initial dimensions and volumetric deformation calculated from volume gauge measurements.

Table 3. Overview of isotropic compression tests on reconstituted London Clay

Sample Pre-consolidation Initial void
ratio, e09

Nominal stress
rates: kPa/h

Compression index,
º ¼ ˜v/˜lnp9

S1LCrA2 1D consolidation to
� 9v ¼ 90 kPa

1.29 3.0 0.182

S2LCrA2 1.35 1.0, 3.0

Table 4. Overview of CD triaxial compression tests on cement-mixed kaolin

Sample p90: kPa e0 Creep state,
p9/q: kPa

Creep time:
days

Nominal axial
strain rates: %/h

S9cmk 100 1.30 177/230 2 0.60, 2.6
S4cmk 1.30 2 0.078, 0.60, 2.6
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Fig. 1. Isotropic compression of NC reconstituted London Clay
(sample S2LCrA2)
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drained response of London Clay is characteristic of isotach
behaviour, with different stress–strain curves for different
strain rates. Fig. 3 shows the stress–strain response of the
NC reconstituted clay during undrained shearing (in this test
the local radial strain measurement failed, thus the graphs
are plotted in terms of axial strains). For undrained loading,
the response to strain rate changes seems to depend on the
strain level, being characteristic of isotach behaviour at low
strain levels (pre-peak strength) and changing to become
more temporary with increasing strain level. The temporary
response to strain rate changes has been defined by Tatsuoka
et al. (2002) as TESRA (Temporary Effect of Strain Rate
and strain Acceleration), a term that has been widely
accepted and will be used here. At low strain levels for each
increase in strain rate the stress–strain curve shows a stiff
response (near vertical) and strain-hardens to reach the
unique stress–strain curve for that specific strain rate. When
the clay reaches higher strain levels and approaches its peak
strength, the effects of changing strain rate become more
temporary. For each increase in strain, after a stiff response
the clay strain-softens to reach a persistent stress–strain
curve above the curves defined by the strain rates at lower
strain levels. When extrapolating the persistent response for
the different strain rates it is observed that at all strain levels
the points fall on unique stress–strain curves. As shown in
the following, the strain rate effects give rise to an effective
increase in stress at a given strain level, and hence a similar
increasingly temporary behaviour can be expected for the

NC sample in drained shearing at higher strain levels
(.1.5% axial strain), even though this cannot be extrapo-
lated from the presented tests, as these were terminated at
low strain levels (,1.5% axial strain).

The pore water pressure response for sample S1LCrA2
during undrained shearing is shown in Fig. 4. Some persis-
tent effects of strain rate may be seen at low strains, but
they are rather insignificant. On approaching peak each
strain rate change is accompanied by a stiff response of the
pore water pressure, but this is only temporary, and the pore
water pressure path soon joins a unique line. This indicates
that in NC-reconstituted London Clay the pore water pres-
sure can be considered to be independent of axial strain rate.

Similarly, the relationship between the volumetric strain
and axial strain is found to be independent of axial strain
rate during the drained shearing of sample S2LCrA2, indi-
cating that the strain rate changes affected the volumetric
and axial strain in equal proportions. It was assumed that
the test was fully drained, based on the fact that during the
isotropic test the pore water pressure became significant only
for stress rates greater than 3 kPa/h, corresponding to strain
rates greater than approximately 0.1%/h. Furthermore, sev-
eral checks, performed by closing the drainage valve for
short periods up to 10 min during drained shearing of
sample S2LCrA2, indicated insignificant build-up of excess
pore water pressure (less than 2% of the current mean
effective stress) under the highest applied rate of axial strain
of 0.05%/h. The stress paths for the drained and undrained
tests have been normalised for volume with respect to an
equivalent pressure for a given void ratio on the isotropic
NCL determined for the reconstituted clay for the reference
stress rate of 3 kPa/h, with a view to determining the state
boundary surface (see Fig. 5). The undrained stress path for
the NC clay should follow the Roscoe–Rendulic surface and
define a yield envelope or local boundary surface (LBS).
The intrinsic LBS* defined by Gasparre et al. (2007) is also
shown for comparison. This LBS* was determined using a
range of strain rates, from 0.004%/h for drained tests to
rates higher than 0.1%/h for the undrained tests. There are
clear effects of changes in strain rate on the local boundary
surface before peak, which cannot be attributed to the pore
water pressure. This axial strain rate sensitivity of the
undrained stress–strain path and insensitivity of the pore
water pressure suggest that viscosity is associated with the
soil matrix behaviour independently of drainage. This throws
new light on the mechanisms governing rate effects in stiff
clays.

The axial strain rate dependence of the local boundary
surface LBS is consistent with that observed of the isotropic
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NCL. A comparison of Fig. 1 (isotropic compression) and
Fig. 5 (undrained shearing) shows that the shift in the
boundary surface is of similar magnitude in both types of
test. At high shear strains the immediate effects of strain
rate changes dissipate and the normalised undrained stress
path converges towards a single critical state point. That
point is different from the normalised CSL* determined by
Gasparre et al. (2007), possibly because of the variability of
London Clay, but the effective critical state angle of shearing
resistance was found to be close to the value of 218
determined by Gasparre et al. (2007). The results suggest
that while all effects of strain rate on the compression and
shearing behaviour of London Clay are included in the size
of the state boundary surface, as was shown by Tavenas et
al. (1978) for undisturbed St Alban Clay, the critical state
line in the q–p9 plane is unique.

The influence of changes in strain rate on the intermedi-
ate- to large-strain stiffness of the clay is demonstrated in
Fig. 6. The undrained tangent Young’s modulus Eu was
calculated by linear regression through the data points
obtained from the LVDTs. At constant strain rate (here _��a,0

¼ 0.05%/h) Eu decreases with strain level following a
unique line, the S-shape stiffness degradation curve usually
determined for clays. On increasing the strain rate by a
factor of 18 the undrained Young’s modulus increases sud-
denly. This abrupt increase in stiffness reflects the accelera-
tion of strains in the sample, and is associated with the
elastic stiffness. When the strain rate reaches its target value,
the acceleration stops and the value of stiffness reduces with
strain level, as is usually found. Here, with a target strain
rate higher than the nominal rate _��a,0 the stiffness curve
reduces to reach a curve which plots below the curve
defined for _��a,0 (strains between 1% and 10%). Upon
deceleration (decrease in strain rate by a factor of 18 to a
target strain rate equal to _��a,0) the sample experiences a
sudden fall in stiffness before rejoining the stiffness curve
defined for the nominal rate. The events of acceleration and
deceleration were repeated to confirm the two parallel curves
for the two strain rates. The data show a clear influence of
strain rate on the persistent stiffness curve at intermediate to
large strains: the higher the strain rate the lower the stiffness
at a given strain level.

INFLUENCE OF POST-SEDIMENTATION STRUCTURE
DUE TO MECHANICAL UNLOADING ONLY ON
STRAIN RATE EFFECTS IN LONDON CLAY

Mechanical overconsolidation (OC) typically results in a
breakdown of the sedimentation structure (Skempton &
Northey, 1952). The breakdown of structure with swelling
was demonstrated by Gasparre et al. (2007) with results
from tests on London Clay samples from the same site (T5).
It is unclear, however, whether it is the sedimentation
structure that degrades during unloading and, if so, by how
much. According to Cotecchia & Chandler (2000) a clay
with a post-sedimentation structure due to mechanical un-
loading will yield on its sedimentation compression line only
if re-compressed. This suggests that the structure acquired
during sedimentation has remained intact despite the over-
consolidation. In fact, a heavily overconsolidated clay would
be expected to have a strong fabric, but to have lost some of
its bonding during overconsolidation. The difference ob-
served by Gasparre et al. (2007) between OCR and YSR for
undisturbed samples of London Clay suggests that additional
bonding was created as a result of ageing after the signifi-
cant unloading event(s) and/or that the sedimentation and
post-sedimentation structure created prior to the significant
overconsolidation remained intact to some degree. Fabric is
usually associated with stable elements of structure, so that
the behaviour of a clay with fabric-dominated structure is
similar to that of the reconstituted clay, but with a larger
state boundary surface (e.g. Ingram, 2000). In the following,
results from tests on NC and OC samples of London Clay
are analysed. The OC sample was preconsolidated to a
significantly higher pressure than that experienced by the
NC samples. The structure in the OC sample is therefore a
result of the preconsolidation to high stress and unloading.
By comparing the response to strain rate changes of NC and
OC samples of London Clay it is expected to highlight the
effect of structure due to overconsolidation.

Figure 7 shows the response to strain rate changes during
undrained shearing on OC reconstituted London Clay. Simi-
larly to the NC sample, the effect of strain rate on the
stress–strain curve seems to depend on strain level. At low
strain levels pre-peak strength the stress–strain curve is
characteristic of isotach behaviour. When approaching the
peak strength, the behaviour changes to become more tem-
porary, but again the extrapolated persistent responses for
given strain rates seem to define unique stress–strain curves.
The pore water pressure response to changes in axial strain
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rate, shown in Fig. 8 for sample S2LCrA5, is at first
persistent but rapidly becomes predominantly temporary,
indicating that it is independent of the axial strain rate at
large strain levels. A similar temporary response of the pore
water pressure to changes in axial strain rate was found in
the NC sample but to a lesser extent.

The comparison of the two samples of reconstituted
London Clay indicates that the structure resulting from over-
consolidation did not affect the overall mechanical response
to axial strain rate changes significantly; however, it did
affect the magnitude of the effect. Similar results were found
for a reconstituted Pleistocene marine clay from Japan
(Fukakusa Clay; Oka et al., 2003), which was tested in NC
and OC states and subjected to stepwise changes in strain
rate. In that clay the general response of the NC and OC
clay samples to strain rate changes was identical, showing
isotach behaviour at low strains and stiff response with
overshooting towards peak strength (see Table 6). Results by
Sheahan et al. (1996) on Boston Blue Clay also showed that
for a similar range in strain rates (0.05–0.5%/h) the axial
strain rate sensitivity of the undrained shear strength did not
vary much for overconsolidation ratios between 1 and 8.

INFLUENCE OF POST-SEDIMENTATION STRUCTURE
DUE TO DIAGENETIC PROCESSES OTHER THAN
OVERCONSOLIDATION ON STRAIN RATE EFFECTS IN
LONDON CLAY

Figures 9 and 10 show the stress–strain response to
changes in strain rate of the undisturbed London Clay during

drained and undrained shearing. The stress–strain data for
the drained test (Fig. 9) were measured up to 2.6% shear
strain only because of a failure in the data acquisition
system, but despite this the data clearly show that at low
strains the response is typical of isotach behaviour. The
undrained test (Fig. 10) also shows an isotach behaviour at
low strains that continues even after peak. It cannot be
extrapolated whether similar results would have been ob-
tained for the drained test. The effect of strain rate changes
on the pore water pressure response during undrained shear-
ing, shown in Fig. 11 for low strains, seems to be persistent.
A failure in the pore pressure transducer meant that readings
were not available at axial strains greater than about 1.5%:
hence it cannot be extrapolated whether the pore water
response would show similar temporary characteristics at
high strain level towards the peak strength, as was seen for
the OC reconstituted clay. The persistent increase (see Fig.
10) of the undrained shear strength due to changes in axial
strain rate that is observed in the stress–strain curve cannot,
however, be attributed to the pore water pressure. Generally
both drained and undrained tests suggest that the rate effects
in London Clay are governed by the soil matrix indepen-
dently of drainage. The stiffness of the undisturbed clay
appeared to be unaffected by strain rate, but it is not clear
(Fig. 12). Fig. 13 shows the stress paths for the OC
reconstituted and undisturbed London Clay, normalised for
volume with respect to an equivalent pressure on the iso-
tropic NCL determined for the reconstituted clay. The path
for the OC reconstituted sample fails close to the CSL*
determined by Gasparre et al. (2007), as would be expected,
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but the path for the undisturbed clay lies significantly out-
side the LBS*, highlighting the influence of the natural
structure. It appears from the data for the reconstituted soil
that the critical state is not affected by strain rate, but

nothing can be said from these data on whether the critical
state is affected by structure.

The viscous effects on the stress–strain response of a soil
can be quantified by the stress jump in deviatoric stress seen
immediately after a change in the strain rate, and calculated
using the definition illustrated in Fig. 14. Fig. 15 shows the
influence of stress level and ratio of strain rate change
(noted as 9x for an increase by 9 times) on the total
immediate deviatoric stress jump experienced by the recon-
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stituted and undisturbed London Clay samples. Generally,
for the OC samples, both undisturbed and reconstituted, the
stress jump increases with an increase in the ratio of strain
rate change, and seems to be influenced by the deviatoric
stress level at which the increase in strain rate is performed.
For the NC sample, however, the stress jump remains
constant for a given ratio of strain rate change, indepen-
dently of stress level. Strain rate effects, when quantified by
the total immediate stress jump after changes in strain rate,
are seen to be noticeably lower in the OC reconstituted clay
than in the NC reconstituted clay and in the OC undisturbed
clay, when comparing results for similar ratios of strain rate
change. This may indicate that mechanical unloading did in
fact alter the structure in the reconstituted clay, and that the
natural structure in London Clay is responsible for the
different strain-rate-related behaviours of the undisturbed
and reconstituted OC samples.

The isotach behaviour pre- and post-peak, as seen for
undisturbed London Clay, has been found in other undis-
turbed stiff clays, for example Kitan clay from Japan
(Komoto et al., 2003) and Vallericca Clay (Tatsuoka et al.,
2000): see Table 7. The difference in behaviour between the
OC reconstituted and undisturbed London Clay must be due
to the natural structure that was created post-sedimentation.
In order to understand better how the structure type (fabric-
dominated or bonding-dominated) influences the time depen-
dence, some tests were performed on samples of artificially
cemented kaolin. These tests highlight the effects of bonding
on the strain-rate-related response of a clay.

INFLUENCE OF CEMENTING ON STRAIN RATE
EFFECTS

One of the aspects of structure in stiff clays is cementing.
By adding cement to kaolin it is intended to simulate
bonding created in natural clays due to diagenetic processes
but at a much faster rate. For comparison, effects of strain
rate changes on the behaviour of pure kaolin need to be
considered. Results obtained recently by Tatsuoka et al.
(2002) from undrained shearing tests on normally consoli-
dated pure kaolin show that it follows an isotach behaviour
from low strains to critical state (Fig. 16), similar to what is
usually found in other soft clays (e.g. Belfast clay and
Winnipeg clay; Graham et al., 1983) and interestingly also
soft rocks (e.g. soft sandstone; Tatsuoka et al., 2002) (Table
7). In contrast, results presented here show that the effects
of changes in strain rate on the stress–strain response of
cemented kaolin during drained shearing become rapidly
temporary on approaching peak strength (Fig. 17). This is
rather similar to the response observed on other cemented
soils (e.g. cemented gravel; Kongsukprasert & Tatsuoka,
2003) and reconstituted stiff natural clays such as re-
constituted Fujinomori Clay (Tatsuoka et al., 2000) or
reconstituted London Clay, normally consolidated or over-
consolidated (Table 6). Dominating temporary (TESRA)
effects of strain rate are also usually encountered in granular
materials (e.g. Hostun sand; Tatsuoka et al., 2000) (Table 6).
One possible explanation for the behaviour of the cemented
kaolin could be that when sheared to high strains the ce-
menting starts breaking, forming aggregates of cement-
mixed kaolin, and that these aggregates contribute to chang-
ing the soil behaviour from that of a continuum to that of a
granular (particulate) material. It could be interpreted that in
natural clays there exist microscopic aggregates of particles
that cannot be destroyed by reconstitution (or perhaps these
are made up by interparticle bonding immediately after
reconstitution), so that reconstituted samples made from
natural samples behave similarly to ‘destructured’ cement-
mixed kaolin samples. This series of tests on simple ce-

mented clay showed the effect that a simple structure, rather
than the more complex one of London Clay, might have on
the viscous behaviour of clays. This suggests that in London
Clay the observed effect of post-sedimentation structure on
the response to changes in axial strain rate cannot be
associated with simple cementing between particles.

Based on the above, it seems that the behaviour of
reconstituted stiff clays including London Clay is typical of
that of a continuum at low strains, becoming increasingly
temporary towards peak strength and thus more typical of
that of cemented kaolin at high strains and granular materi-
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als. The behaviour of undisturbed London Clay, however, is
more typical of that of soft rocks, and a parallel cannot be
established between cemented kaolin and undisturbed Lon-
don Clay. This is in agreement with the evidence shown on
micrographs by Gasparre et al. (2007) that the structure in
the natural clay is not due to bonding but primarily due to
fabric. It seems that soils behaving like a continuum,
because their particles are bonded together either through
‘flexible’ forces (for example electrical and chemical forces
in young normally consolidated clays, such as normally
consolidated samples of pure kaolin) or by heavy pressures
(for example soft rocks or perhaps undisturbed London
Clay), have an isotach behaviour, whereas in soils behaving
like granular (particulate) materials, for example sands or
‘broken’ cemented kaolin, strain rate effects are only tem-
porary. One can imagine that in a particulate material the
deformation is more localised at interparticle contact points,
whereas in a continuum the behaviour may be associated
with the deformation of the entire volume of soil. The nature
of the research, where ‘macroscopic’ samples are tested,
means that only strain rate effects at the macroscopic scale
can be determined. It could therefore be speculated that the
soils defined as ‘continua’ are found to show a greater
degree of viscous effect than the particulate soils because
common laboratory tests characterise macro-behaviour and
would miss the viscous effects at interparticle contact. This
would be in agreement with the fact that clays, classified
here as continua, generally show significantly greater creep
deformation than granular soils, which are particulate in
nature.

CONCLUSIONS
The data presented in this paper form a unique set of data

for the axial strain-rate-dependent behaviour of London Clay.
Not too surprisingly, the results fit reasonably well with the
existing data base for different soils (Tables 5–7). New
results on pore water pressure and volumetric response
during shearing throw new light on the mechanisms govern-
ing viscous effects in London Clay.

(a) Overconsolidation does not seem to affect the general
axial strain-rate-dependent behaviour of reconstituted
London Clay, but it affects the magnitude of the effect.
Similar results have been seen in tests on other
reconstituted stiff clays.

(b) Reconstituted London Clay has an isotach response to

isotropic compression and shearing at low strain levels,
but at higher strain levels towards peak strength strain
rate effects become increasingly temporary in shearing.
This is similar to the behaviour of other reconstituted
stiff clays and rather similar to the observed behaviour
of cemented soils. It was also found that the pore water
pressure during undrained shearing and the relationship
between volumetric and axial strain during drained
shearing are independent of the axial strain rate: this,
together with the observed strain rate dependence of the
stress path, suggests that the viscous effects in London
Clay are governed by the soil matrix only, indepen-
dently of the pore water pressure response.

(c) Undisturbed London Clay shows an isotach behaviour
both pre- and post-peak during shearing. This is similar
to the behaviour of soft rocks, soft clays and other
undisturbed stiff natural clays.

(d ) Cemented kaolin shows temporary effects of strain rate
during shearing in the peak and post-peak region. This
is similar to the behaviour of granular soils and other
cemented soils post-peak.

The factors defining why the reconstituted London Clay
behaves like a granular material cannot be explained here,
and further research involving microscopy studies should be
planned to clarify it.
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APPENDIX 1. OBSERVED VISCOUS BEHAVIOUR OF DIFFERENT SOILS IN ONE-DIMENSIONAL, ISOTROPIC AND
TRIAXIAL COMPRESSION

Table 5. Observed viscous behaviour in one-dimensional and isotropic compression for different clays

Soil name Reference Description PI Observed viscous behaviour

Isotach Combined
TESRA and

Isotach

TESRA

Batiscan clay Leroueil et al. (1996) Sensitive natural 21 1D compression – –
Fujinomori clay Acosta-Martinez et al. (2003) Reconstituted, NC 33 – –
Oimachi clay Acosta-Martinez et al. (2003) Reconstituted, Pleistocene 20 – –
Kitan clay Acosta-Martinez et al. (2003) Undisturbed, stiff, Pleistocene 22–62 – –
London Clay This study Reconstituted, NC 37 Isotropic compression – –
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Table 6. Observed viscous behaviour in triaxial compression for sands, gravels, cement-mixed soils and reconstituted clays

Soil name Reference Description PI Observed viscous behaviour

Isotach Combined
TESRA and
Isotach

TESRA

Hostun Tatsuoka et al. (2000) Quartz-rich sub-angular, poorly
graded medium-sized sand

– – Until peak

Toyoura sand Tatsuoka et al. (2000) – – Until peak
Chiba gravel Tatsuoka et al. (2000) Very dense, crushed sandstone – Pre-peak and

post-peak
–

Metramo silty
sand

Tatsuoka et al. (2000) Dense, crushed granite, fines
content 16%

14 – Pre-peak? Post-peak

Cement-mixed
sand

Tatsuoka et al. (2000) 4% cement – Pre-peak and
post-peak

post-peak?

Cement-mixed
gravel

Kongsukprasert &
Tatsuoka, 2003

Chiba gravel mixed with
2.5% cement

Pre-peak – Post-peak

Cement-mixed
kaolin

This study 3% RHP cement ? ? Post-peak

Lower
Mississippi River
Valley clay

Richardson & Whitman
(1963)

Reconstituted slightly organic
back-swamp alluvial deposit

38 Possibly at low
stresses

Evidence at
higher stresses
pre-peak

Possibly at
peak state

Fukakusa clay Oka et al. (2003) Reconstituted, NC and OC
Pleistocene marine clay

27 At low stresses High stresses
pre-peak and
post-peak

–

Fujinomori clay Tatsuoka et al. (2000) Reconstituted, NC 33 At low stresses High stresses
pre-peak and
post-peak

–

Kitan clay Komoto (2004) Reconstituted, Pleistocene 22–62 At low stresses Intermediate
stresses pre-peak

High stresses
and peak
state

Kitan clay Komoto (2004) Reconstituted; aged for one
year

22–62 At low stresses Intermediate
stresses pre-peak

High stresses
and peak
state

Oimachi clay Komoto et al. (2003) Reconstituted, Pleistocene 20 At low stresses
(,3% strain)

? ?

London Clay This study Reconstituted, NC 37 At low stresses Intermediate
stresses pre-peak

High stresses
and peak
state

London Clay This study Reconstituted, OC 37 At low stresses High stresses
pre-peak and
post-peak

–

Table 7. Observed viscous behaviour in triaxial compression for reconstituted and undisturbed soft clays, soft rocks and undisturbed
stiff clays

Soil name Reference Description PI Observed viscous behaviour

Isotach Combined TESRA
and Isotach

TESRA

St Alban clay Tavenas et al. (1978) Undisturbed, OC 17–23 Until peak – –
Haney clay Vaid & Campanella

(1977)
Undisturbed sensitive marine,
NC

18 Until peak – –

Vallerica clay10 Tatsuoka et al. (2000) Undisturbed stiff marine clay,
OC

26 At low stresses Possibly at high
stresses pre-peak and
post-peak

–

Belfast clay Graham et al. (1983) Undisturbed organic estuarine,
lightly OC

50–70 Pre-peak and post-
peak

– –

Winnipeg clay Graham et al. (1983) Undisturbed plastic lacustrine,
lightly OC

35–55 Pre-peak and post-
peak

– –

Kaolin clay Tatsuoka et al. (2002) Reconstituted, NC 42 Until peak – –
Kazusa
sedimentary rock

Tatsuoka et al. (2000) Rotary core sedimentary soft
sand/silt stone

– Until peak – –

Kitan clay Komoto (2004) Undisturbed, stiff, Pleistocene 22–62 Until peak – –
Oimachi clay Komoto et al. (2003) Undisturbed, stiff, Pleistocene 20 At low stresses

(,3% strain)
? ?

London Clay This study Undisturbed, stiff, heavily OC 37 Pre-peak and
post-peak

– –
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NOTATION
B pore pressure coefficient
e void ratio

e0 void ratio at start of shearing
e09 void ratio at start of compression
Eu undrained tangent Young’s modulus ¼ ˜�a/˜�a

Gs specific gravity of solids
OCR overconsolidation ratio ¼ � 9p=� 9v

p9 current mean effective stress ¼ 1
3

(� 9a þ 2� 9r)
p90 mean effective stress at start of shearing
p9e equivalent pressure on the intrinsic NCL
PI plasticity index
q deviator stress, ¼ � 9a � � 9r

qref reference deviator stress level on stress–strain
curve for lowest applied rate of strain

qref , _��low total immediate stress jump after a step change in
strain rate

u pore water pressure
v specific volume ¼ 1 + e

wL liquid limit
wp plastic limit
�a axial strain
�r radial strain
�s shear strain ¼ 2

3
(�a � �r)

_��a,0 reference axial strain rate
º compression index/gradient of NCL ¼ ˜v/˜lnp9

� 9a axial effective stress (principal)
� 9p vertical preconsolidation pressure, maximum past

pressure
� 9r radial effective stress (principal)
� 9v vertical effective stress
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Géotechnique, 57, No. 1, 19–31.

Graham, J., Crooks, J. H. A. & Bell, A. L. (1983). Time effects on
the stress–strain behaviour of natural soft clays. Géotechnique
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