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Abstract

It is considered that the long term settlement of clay deposits, known as secondary consolidation, is caused by clay viscosity. In this

paper, the viscous property of clayey soils is examined from two viewpoints: one is temperature and the other is the effect of the strain

rate. To investigate these effects, a special constant rate of strain (CRS) loading test, in which the strain rate is changed during the test,

was carried out at temperatures of 10 and 50 1C on reconstituted clay samples. Under the normal strain rate, such as the order of

10�6 s�1, well-known temperature effects on the consolidation behavior were confirmed. That is, the high temperature condition leads

to increased hydraulic conductivity due to the reduction in the viscosity of pore water at higher temperatures. It is also observed that the

yield consolidation stress decreases with increasing temperature due to the viscous properties of soil skeletons. However, it is found that

with higher temperature and smaller strain rates, the clay specimen does not follow conventional viscous behavior, like the Isotache

model, but the gradient of stress–strain curve considerably decreases. The reason for different behavior from the Isotache model may be

attributed to the creation of a new structure to resist the external deformation, under high temperature and a slow strain rate.

& 2012 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.

Keywords: Clay; One-dimensional consolidation; Strain rate effect; Temperature effect
1. Introduction

The long term settlement of soft clay deposits after the
dissipation of excess pore water pressure, which is sometimes
called secondary consolidation or creep deformation, has been
an important but difficult issue in geotechnical engineering. A
consensus seems to exist among researchers that such creep
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settlement is caused by viscous properties of the clay skeleton.
Hence, it is very important to understand and evaluate the
viscous behavior of clayey soils in order to predict the ground
settlement during and after dissipation of the excess pore
water pressure with more accuracy. In the laboratory, the
viscosity can be expressed in terms of the strain rate effect in
one-dimensional consolidation tests, and test results may be
interpreted by consolidation models which take the strain rate
into consideration. A typical model is the Isotache model
proposed by Šuklje (1957). In the Isotache model, the
compression behavior is determined by the order of the strain
rate (see for example, Leroueil et al., 1985; Imai and Tang,
1992; Imai et al., 2003; Tanaka, 2005a and b; Watabe et al.,
2008). Kobayashi et al. (2005) have reported that the Isotache
model provides accurate predictions of the settlement in the
Pleistocene clay layers at the Kansai International Airport,
Japan, than the conventional Terzaghi’s consolidation model.
However, making settlement based on the Isotache model
requires the consolidation soil parameters under extremely
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(a) Load cell
(b) Hydraulic pressure transducer for back pressure
(c) Hydraulic pressure transducer for pore pressure
(d) Thermocouple sensor
(e) Metal pipe circulating isothermal liquid
(f) Soil specimen
(g) Distilled water
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Fig. 1. Schematic view of consolidation cell.
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small strain rates in the field, i.e., smaller than 10�10 s�1 (see
Leroueil, 2006).

Tsutsumi and Tanaka (2011) have developed a special
CRS test apparatus and conducted the CRS test, in which the
strain rate is changed during the test from 10�6 to 10�10 s�1.
According to the Isotache model, when the strain rate is
changed, the stress–strain curve immediately shifts to that
corresponding to the new strain rate, and as expected, when
the strain rate suddenly decreased, the effective stress
decreased due to the viscous property of clay skeleton.
However, some interesting behavior was also observed: the
clay specimen under very small strain rates did not follow the
stress–strain curve expected from the Isotache model. Actu-
ally, gradient of the curve was markedly smaller than that of
virgin compression curve, which the specimen would be
expected to follow if the strain rate was not changed.
Furthermore, when the strain rate went back to the original
rate from very small strain rates, the stress–strain curve
overshot the expected virgin compression curve, as if the clay
specimen had developed structure in the previous loading
process under small strain rates. Hence, the Isotache model
cannot be directly applied to the compression behavior under
small strain rates. Such non-Isotache stress–strain behaviors
have also been reported by Tatsuoka et al. (2008), who
conducted drained triaxial compression tests for granular
materials. They proposed other viscosity models, such as
TESRA, Combined and P & N.

It is well known from previous studies that the viscous
property of soft clayey soils is strongly related not only to the
strain rate, but also to temperature: the yield consolidation
pressure decreases with increasing temperature (see for
example, Eriksson, 1989; Boudali et al., 1994; Akagi and
Komiya, 1995; Marques et al., 2004). In addition, another
important temperature effect on consolidation has been
reported: the development of a structure resisting deforma-
tion accelerates under long-term consolidation at high
temperature (see Tsuchida et al., 1991; Towhata et al.,
1993). Change in the temperature may provide a clue for
understanding the non-Isotache behavior reported by
Tsutsumi and Tanaka (2011). In this study, CRS consolida-
tion tests with varying strain rates at different temperature
levels were carried out for three different clayey soils.

2. Testing method and samples

2.1. CRS test apparatus and testing procedures

In order to study the temperature effect, it is preferable to
carry out CRS test using the same specimen, i.e., by changing
the temperature during the testing, to avoid any differences in
soil properties for different specimens. However, changing the
temperature during the testing is very difficult in practice.
When the temperature is changed, the measuring system as
well as the specimen itself is influenced. One example is the
zero drift of the sensors. For this reason, the CRS tests were
carried out at two constant temperatures: 50 and 10 1C.
Although it is recommended to carry out the CRS test under
large different temperature levels to identify the temperature
effect, the sustainability of the test is very important to obtain
stable test data for a long period of more than a week. Taking
into account these demands and the capability of the
apparatus used in this study, testing temperatures of 50 and
10 1C were adopted.
The CRS apparatus followed JIS A 1227 (Japanese

Standards Association, 2009b): the specimen was 60 mm in
diameter and 20 mm in initial height. Fig. 1 shows a
schematic view of the consolidation cell. Drainage was
allowed through the upper end of the specimen. The bottom
of the specimen was connected to a transducer to measure the
water pressure. The load generated by applying a constant
strain was measured by a load cell at the bottom of the
consolidation cell. A back pressure of 100 kPa was applied to
assure good saturation of the specimen during the test. The
effective vertical pressure (p0) was calculated assuming that the
excess pore water pressure in the specimen is distributed in a
parabolic manner as expressed by the following equation:

p0 ¼ s�
2

3
Du ð1Þ

where s is the total pressure on the specimen and Du is the
excess pore water pressure.
To generate a stable and extremely small strain rate, a

special loading apparatus was developed, consisting of a
Step Motor System whose resolution is as accurate as
2,621,440 pulses per revolution, and this was controlled by
a personal computer (see Tsutsumi and Tanaka, 2011).
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The displacement was not measured by a conventional dial
gauge, but obtained directly by counting the number of
revolutions of the step motor and corrected by the
deformation of the apparatus system, derived mainly
from the deformation of the load cell. This correction
was done based on a loading test without a soil specimen.
The strain (eT) used in this paper is not the natural
strain but the nominal strain, and the strain rate (_eT) is
defined as the incremental nominal strain per increment
in time.

As shown in Fig. 1, a metal pipe was spiraled around the
specimen and an isothermal liquid was circulated through
this pipe to control the temperature (T), which was
measured by a thermocouple attached to the upper side
of the consolidation cell. The preparation procedure for
the testing was as follows: to avoid the offset drift of
measuring instruments due to changes in the temperature,
the whole CRS testing apparatus was preliminarily kept
under a testing temperature by circulating isothermal
liquid for at least 6 h, which were confirmed to be sufficient
to reach a constant state when the temperature was
increased from 25 to 50 1C. Then, records of P, u and ub
were initialized at the atmospheric pressure and a specimen
was placed in a consolidation ring as quickly as possible.
The consolidation ring with the specimen was mounted on
the consolidation cell and fixed by the loading piston. The
consolidation cell was filled with distilled water and a
hydraulic pressure of 100 kPa was applied as the back
pressure. The consolidation cell was heated or cooled again
at the prescribed temperature for more than half a day,
which was considered to be long enough for the specimen
to be uniformly expanded or compressed.
2.2. Tested samples

Reconstituted samples were made at laboratory instead
of using intact samples, to avoid the variability in soil
properties for tested samples and to identify only the
temperature effect. Three different clays were used in this
study. A sample named as OsakaMa12 was collected from
the construction site of the Kansai International Airport in
the Osaka Bay, Japan. The second sample was obtained
from the Louiseville site along the St. Lawrence River in
Quebec, Canada. The third sample was a commercial
powder clay named as Kasaoka. From the previous
research (Tsutsumi et al., 2011), it was found that the
Table 1

Geotechnical properties of studied clay samples.

Sample name rs (g/cm
3) wn (%)

Kasaoka 2.610 45.8

Kasaoka 2.610 45.5

OsakaMa12 2.657 81.9

OsakaMa12 2.657 82.0

Louiseville 2.767 47.6

Louiseville 2.767 47.7
stress–strain relationships of Osaka clay followed the
isotache, while Louiseville clay strongly exhibited non-
isotache behavior. Therefore, these two clays were selected
to study the temperature as well as strain rate effects.
Furthermore, Kasaoka clay, which is easily available, was
also used. Their main geotechnical properties are shown in
Table 1, where rs, wn, wL, wP and IP are the density of soil
particles, natural water content, liquid limit, plastic limit
and plasticity index, respectively.
These clay samples and powder were consolidated in

an acrylic cylinder under a consolidation pressure of
100 kPa after thoroughly remolding by a soil mixer at
the water content about two times wL. The value of wn in
the table is water content at trimming the specimen. As
shown in the table, difference in wn for each sample is so
small that the influence of variability of the specimens can
be ignored.
3. Test results

3.1. Evaluation of clay particles expanding due to change in

temperature

Before discussing the temperature effect on consolida-
tion properties, the influences of heating are examined on
the change in the unit weight of the clay particles (rs) and
the pore water (rw) in the soil specimen. The change in rs
(Drs) can be described by the following equation:

Drs ¼�
asDT

1þasDT
rs ð2Þ

where as is the thermal coefficient of volume expansion of
clay particles and DT is the change in temperature.
Campanella and Mitchell (1968) have reported that as
for usual soils varies from 1.5 to 5.2� 10�5 per 1C. Let us
consider the change in void ratio (e) due to the change in
temperature. Assumed conditions are as follows: tempera-
ture varies from 10 to 50 1C; as of 3.3� 10�5 per 1C; e and
rs are 2 and 2.7 at 10 1C, respectively. The change in rw
from 10 to 50 1C is 0.9997–0.9880, according to the
Chronological Scientific Table (2004). Using these para-
meters, the change in e is calculated under these two
conditions: freely deformed and completely confined.
When the temperature changes 10–50 1C, e of 2.0 becomes
2.021 in the former case and 1.996 for the latter case. These
differences are small enough to be ignored, considering an
wL (%) wP (%) IP T (1C)

62 36 26 50

62 36 26 10

109 43 66 50

109 43 66 10

71 22 49 50

71 22 49 10
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experimental error. Therefore, it can be concluded that the
volume expansion and the change in e due to the change in
temperature is neglected in this study.
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Fig. 2. The e-log p0 and Du-log p0 relationships obtained from CRS tests

for (a) OsakaMa12, (b) Louiseville and (c) Kasaoka.
3.2. Temperature effects on permeability

Fig. 2 shows the relationships between Du� log p0 and
e� log p0 obtained from the CRS tests for the three tested
clays: (a) OsakaMa12, (b) Louiseville and (c) Kasaoka. The
testing was performed at a constant T value of 10 or 50 1C,
while the strain rate was changed during a test. The e� log p0

curve segments between Points a and b as well as d and f were
obtained under the reference strain rate of 3� 10�6 s�1 (_eT

0 )
and that between Points b and d under _eT

0 =100. Fig. 2(a)
through (c) shows that Du generated at 50 1C is clearly
smaller than that at 10 1C. It is considered that such a
difference in Du is caused by different hydraulic conductivity
(k). According to JIS A 1227 revised in 2009, k may be
calculated as follows:

k¼
rwTgn _eH0Ht

2Du
ð3Þ

where gn, H0 and Ht are the acceleration of gravity, specimen
heights at initial and at each moment (t), respectively.
In this equation, k is directly determined by CRS test, and
its theoretical basis was reported in Geotechnical Testing
Journal by Moriwaki and Umehara (2003). The relationships
of e-log k are shown in Fig. 3(a) and (b), where the k values
were indicated at only normally consolidated (NC) states and
they were not calculated in the phase ‘‘b–d’’, because the
strain rate was so small that the value of Du was nearly zero
and could not be measured with sufficient accuracy. When k

at 50 and 10 1C is denoted, respectively, as k50 and k10, k50 is
larger than k10 and the e-log k relationships for k50 and k10
are parallel to each other, as shown in the figures. This means
that the ratio of k50/k10 is constant at the same e value.
It is well known that the viscosity of water is strongly

influenced by temperature. Indeed, in the testing method of
permeability defined by JIS A 1218 (Japanese Standards
Association, 2009a): the measured k value is calculated at
15 1C (k15), taking account of the change in the water viscosity
due to temperature. The ratio of k50/k10 is represented by Eq.
(4) with the viscosity coefficient of pure water (ZT).

k50

k10
¼

Z10
Z50

ð4Þ

The ratio Z10/Z50 is calculated to be 2.39 based on ZT of
pure water given in the Chronological Scientific Table
(2004). As shown in Fig. 3(a) and (b), the ratios of k50/k10
for tested clays are in a relatively narrow range between
2.44 and 2.98, which is very close to the ratio Z10/Z50.
Therefore, it may be concluded that the changes in k and
Du with T are caused by those of the water viscosity.

3.3. Temperature effects on compressibility under large

strain rate

It was reported by Eriksson (1989) that as temperature
becomes higher during incremental loading (IL) consolida-
tion tests, stress–strain relationships shift leftward as
shown in Fig. 4, i.e., the yield pressure decreases with an
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Fig. 4. Temperature effect on compression curves (after Eriksson, 1989).

Fig. 5. Normalized p
0

c value for studied clays and based on Eq. (5) against T.
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increase in temperature. The temperature effect on compres-
sibility under constant strain rates are examined by compar-
ing the e-log p0 curves at the temperatures of 10 and 50 1C, as
shown in Fig. 2(a) through (c). It is observed the e-log p0

curve at high temperature shifts to the left side. The amount
of the shift can be expressed by the difference in the effective
yield stress (p0c). To observe the influence of T on p

0

c, the p
0

c

values for the studied clays are plotted against T in Fig. 5,
where p

0

c is normalized by the p
0

c at 10 1C. It can be seen from
the figure that p

0

c decreases with an increase in T: i.e., all the
studied clays exhibit viscous behavior due to high tempera-
ture. However, the degree of the influence of T is consider-
ably different for the three clays.
The temperature effect on p
0

c has been formulated in
previous studies by, e.g., Moritz (1995), Marques et al.
(2004) and Laloui et al. (2008). According to Laloui et al.
(2008), for example, the p

0

c value is represented as a
function of T by the following equation:

p
0

cT ¼ p
0

cT0
1�g log

T

T0

� �� �
ð5Þ

where p
0

cT and p
0

cT0
are the effective yield stresses at

temperatures of T and T0, respectively; g is the material
parameter peculiar to a given soil. Laloui et al. (2008)
reported that g can be related to wL, and increases with wL.
In the present study, wL ranges from 62% to 109%,
corresponding to g values of approximately 0.2 and 0.4,
respectively, according to their study. Using these g values,
p
0

cvalues calculated by Eq. (5) are also plotted in Fig. 5,
normalized by p

0

c at 10 1C. It can be seen from this figure
that the normalized p

0

c at 50 1C in this study follows well
the tendency calculated by Eq. (5).



Fig. 6. The relationships between incremental visco-plastic strain,

excess pore water pressure ratio and normalized effective stress for

(a) OsakaMa12, (b) Louiseville and (c) Kasaoka.
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In addition to the decrease in the p
0

c value due to high
temperature, it can be recognized that the gradient of e-
log p0 relationship at the normally consolidated (NC) state,
i.e., Cc under the high temperature is smaller than that at
low temperature. The e-log p0 curve for Louiseville clay at
50 1C crosses the curve at 10 1C because of the small Cc.
This means that the p

0

c values decrease with increasing
temperature; however, such an effect disappeared with a
decrease in e. This behavior is completely different from
that presented in Fig. 4.

3.4. Temperature effects on compressibility under small

strain rate

It is clearly observed in Fig. 2 that as the strain rate was
changed, e� log p0 curves shifted due to the strain rate
effect, regardless of the temperature conditions. The strain
rate effect is conventionally considered relevant only to the
viscous component of sample deformation. For example,
in the Isotache model, the total strain (eT) is assumed to
consist of the elastic strain (ee) and the visco-plastic strain
(evp), as indicated in the following equation:

evp ¼ eT�ee ð6Þ

To examine the change of p0 due to a change in strain
rate at different temperature conditions in more detail, e-
log p0 relationships are rearranged as the relationship
between evp and p0. In this study, eT is the nominal strain
not the natural strain, i.e., incremental total strain (DeT) is
defined as follows:

DeT ¼
De

1þe0
ð7Þ

where De and e0 are incremental and initial e, respectively.
Following conventional constitutive models, incremental ee

(Dee) is represented as follows:

Dee ¼
Cs

1þe0
D log p0 ð8Þ

where Cs is the swelling index defined as the gradient of the
e-log p0 relationship at over consolidated (OC) states. To
evaluate strain rate effects at various T, an important
question arises as to whether Cs depends on T or not.
Indeed, in previous studies, two opposite opinions have
been reported. For example, Graham et al. (2001) reported
the variation of Cs with T, while Yashima et al. (1998)
adopted Cs independent of T in their model. As shown in
Fig. 2, the e-log p0 relationships before reaching p

0

c, i.e., in
the range of 10–70 kPa are almost independent of T.
Therefore, it is assumed in this study that Cs is independent
of T and Dee is calculated using the slope of e-log p0

relationships before reaching p
0

c as shown in Fig. 2, where
the e-log p0 relationships for 10 and 50 1C are nearly
identical.

Fig. 6(a) through (c) shows magnified relationships
between evp and p0, where the p0 is normalized by the
effective stress (p

0

1) at the point of ‘‘b’’, just before the
strain rate is decreased, and the vertical axis indicates the
incremental evp from evp at p

0

1 (Devp). In these figures,
Points a through f correspond to those in Fig. 2(a) through



Fig. 7. Thermal aging behavior due to high temperature after Towhata

et al. (1993).
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(c), and visco-plastic strain rate (_evp) is defined as the
incremental visco-plastic strain per unit time. Here, the
reference equi-strain rate line (ESRLvp

0 ) is defined as an
evp� log p0 relationship that a specimen may follow if _evp is
not changed. Tsutsumi and Tanaka (2011) assumed that
the ESRLvp

0 can be expressed by a cubic function and the
constants in the equation were obtained by the least square
fitting. The ESRLvp

0 relationships for 10 and 50 1C were
calculated by this method and presented by broken lines.
The relationship between the excess pore water pressure
ratio (Du/s) and p0/p01 is also shown in this figure.

The first interesting finding from Fig. 6(a) and (b) is that
for both temperatures, p0 decreases with a decrease in the
strain rate due to the viscous property of soils, and this
decrease in terms of the ratio p0/p01 is not significantly
influenced by T. All clays exhibited almost the same
minimum p0/p01 ratios caused by decreasing _evp, regardless
of temperature levels.

After p0/p01 attained the minimum value, the compres-
sion behavior seen in Fig. 6 was strongly influenced by
temperature. At the phase of ‘‘c–d’’, where the strain rate
becomes constant at _evp0 =100, the De

vp
� log (p0/p01) curve at

50 1C for all the tested clays approached the ESRLvp
0 . At

the phase of ‘‘d–e–f’’, where the strain rate returned to the
original rate of _evp0, the curve considerably overshot the
ESRLvp

0 . On the other hand, the Devp� log (p0/p01) curve at
the phase of ‘‘c–d’’ at 10 1C is almost parallel with the
ESRLvp

0 and the amount of the overshoot on returning the
original strain rate is considerably smaller than that at
50 1C. It can be considered that the specimen at high
temperature and very small strain rate has gained the
ability to resist the external deformation, as if the specimen
has developed new structure. A similar phenomenon is
observed even in the e� log p0 relationship under the
reference strain rate of 10�6 s�1. That is, as already
mentioned, Cc at 50 1C is smaller than that at 10 1C,
although this difference is not significant. This tendency is
more prominent under the condition of the extremely small
constant strain rate of _evp0 =100.
4. Discussions

Two important effects caused by the changing tempera-
ture were identified in this study. One is the so-called
viscous behavior due to high temperature conditions
observed in the phase of ‘‘a–b’’ in Fig. 2: that is, p

0

c

decreases with an increase in T. Another effect is the
gaining of the ability to resist deformation, i.e., decreasing
Cc with an increase in T. This effect becomes much more
prominent when the strain rate is smaller, as observed in
the phase of ‘‘c–d’’ under _evp0 =100 in Fig. 6; normalized p0

at given Devp is larger for higher T. As a result, in the phase
of ‘‘d–e–f’’ in Fig. 6, the Devp� log (p0/p01) curve at 50 1C
considerably overshoots the corresponding ESRLvp

0 , as if
the clay specimen experienced aging in the previous phase
of ‘‘c–d’’. However, this overshoot is destructed by the
faster loading under _evp0 and the Devp� log(p0/p01) curves
return to their original trend.
According to Tsuchida et al. (1991), heating provides the

same effect as aging on clay samples. They mentioned that
this aging is caused by cementation and this cementation is
accelerated by heating. A similar aging effect was also
reported by other researchers, e.g., Towhata et al. (1993)
and Akagi (1994). In Fig. 7, cited from Towhata et al.
(1993), clay samples were subjected by incremental step
loadings after applying a load of 160 kPa at 90 1C for
various durations of time. The e� log p0 relationship for
heated samples shifts to higher p0 in comparison to the
reference relationship obtained by the end of primary
consolidation indicated by the dotted line. They considered
that such an aging effect was caused by the acceleration of
secondary consolidation: i.e., clay particles are closely
rearranged because heating reduces the thickness of the
adsorbed water layer on the surface of soil particles. As a
result, the specimen develops a new structure, exhibiting
higher stiffness against subsequent loading.
It may be also considered that some types of structure

are created during the loading process in the CRS test and
its creation is considerably accelerated under high tem-
perature conditions. Let us reexamine the temperature and
strain rate effects on the evp� log p0 relationships measured
in this study in terms of structure created by heating. To
compare the strain rate effect on evp� log p0 relationships,
Rvp is defined as the ratio of p0 to the corresponding value
on the ESRLvp

0 for a same evp value (Tsutsumi and
Tanaka, 2011). The stress ratio Rvp loops along the
changes in _evp at two different temperatures are compared
in Fig. 8(a) through (c), where Points b through f



Fig. 8. Strain rate effect under different temperature for (a) OsakaMa12,

(b) Louiseville and (c) Kasaoka.
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correspond to those in Fig. 6(a) through (c), indicating the
strain rate changes. The loop starts at Point b and its strain
rate is _eT0 so that Rvp is 1.0 for both temperatures. Then, _eT
is suddenly changed at Point b from reference _eT0 to
_eT0 =100, but _e

vp changes more gradually due to the negative
ee generated by a decrease in p0 along the transit phase of
‘‘b–c’’. Since Devp� log (p0/p01) relation shifts to the left side
in this phase, Rvp becomes small. In this transit phase of
‘‘b-c’’, Rvp and _evp relationships are almost independent of
T: i.e., the minimum value of Rvp at the change in the
strain rate is not influenced by T. After _evp becomes
constant at _evp0 =100 and enter the phase ‘‘c–d’’, Rvp should
not change and would indicate a single value, if the tested
specimens were to exactly follow the Isotaches model.
However, as already mentioned, there is a trend that
Devp� log (p0/p01) relation is not parallel with the
ESRLvp

0 , but approaches the ESRLvp
0 . Therefore, Rvp

increases even at constant _evp0 =100 especially under high
temperature. When _eT was increased along the phase of
‘‘d–e–f’’, the situation was opposite to that of decreasing
_eT. In the transit phase of ‘‘d–e’’, Rvp increased with an
increase in _evp and exceeded 1.0 when the strain rate
returned to its original value. However, as the specimen is
deformed further more under constant _evp0 , a relatively
larger rate, in the steady state of ‘‘e–f’’, Rvp gradually
decreases and becomes 1.0 when the specimen returns to its
original ESRLvp

0 .
It is inferred that when _evp was small, such as in the phase

of ‘‘c–d’’, a structure was created during the loading process
and the creation of the structure was accelerated by heating.
Therefore, the increase in Rvp and the tendency of Devp� log
(p0/p01) relation approaching the ESRLvp

0 under high tem-
perature conditions are prominent. Also, when _evp is returned
to the original strain rate, Rvp exceeds 1.0 and Devp� log(p0/
p01) relation overshoots considerably the ESRLvp

0 , like an
aged clay. However, the reason for the identical Rvp and _evp

relationships at the changing _evp such as the transit phase of
‘‘b–c’’ for high and low temperatures may be attributed to
loading time. This duration is too short to create the
structure even under high temperature. In other words, the
specimen exhibits truly viscous behavior in this process.

5. Conclusions

To examine the combined effects of temperature and
strain rates on the consolidation behavior of clays, a series
of CRS tests, in which the strain rate was not constant but
changed during consolidation, was carried out at tempera-
tures of 10 and 50 1C for reconstituted clay samples:
OsakaMa12, Louiseville and Kasaoka. The following
conclusions were drawn:
1)
 The hydraulic conductivity of all studied clays was strongly
dependent on temperature. The reason for this is that the
water viscosity increases with a decrease in temperature. As
a result, the excess pore water pressure generated in the
specimen at 10 1C was much higher than that at 50 1C.
2)
 The yield effective stress decreased with increasing
temperature, indicating that the clay specimens exhibited
viscous behavior by heating. However, such a viscous
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effect disappeared with a decrease in the void ratio (e)
during a subsequent loading: under the higher level of the
effective stress (p0).
3)
 The slope of the e� log p0 curve at 50 1C at the normally
consolidated state, i.e., the compression index, Cc was
smaller than that at 10 1C. The reason for small Cc

under high temperature may be attributed to the
structure created. This explanation may be applied to
the observed phenomenon of overshooting the e� log
p0, when the strain rate was increased.
4)
 The structure resisting the external deformation is
developed not only by high temperature but also by
small strain rates. For these conditions, the Isotache
model, which is simply based on viscous properties,
cannot be applied to compression behavior under small
strain rates, as reported by Tsutsumi and Tanaka (2011).
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