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Abstract

Overconsolidated (OC) clay soil is widely distributed in landslide slopes. This soil is often fissured, jointed, contains slickensides, and is
prone to sliding. Thus, the shear strength behavior of OC clayey soil is complicated and has received much attention in the literature
and in practice in terms of evaluating and predicting landslide stability. However, the behavior of the shear strength of OC clayey
soil at different shear rates, as seen in ring shear tests, is still only understood to a limited extent and should be examined further,
especially in terms of the residual strength characteristics. In this study, a number of ring shear tests were conducted on kaolin clay
at overconsolidation ratios (OCRs) ranging from 1 to 6 under different shear displacement rates in the wide range of 0.02 mm/min
to 20.0 mm/min to investigate the shear behavior and rate dependency of the shear strength of OC clay. Variations in the cohesion
and friction angles of OC clay under different shear rates were also examined. The results indicated that the rate effects on the peak
strength of OC and normally consolidated (NC) clays are opposite at fast shear displacement rates. At the residual state, as with
NC clay, the positive rate effect on the residual strength is also exhibited in OC clay, but at a lower magnitude. Regarding the shear
strength parameters, the variations in the cohesion and friction angles of OC clay at different shear rates were found to be different
at peak and residual states.
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1 Introduction

Overconsolidated (OC) clayey soil is widely distributed in
landslide slopes. It can form due to the release of stress
(erosion of soil on the slope), changes in the groundwa-
ter level, secondary consolidation (aging), chemical bond-
ing, and desiccation stress [1]. Many types of OC soil are
fissured, jointed, contain slickensides, and are prone to
instability [2, 3]. Therefore, the shear behavior and shear
strength (peak and residual strengths) of OC soil have
received much attention in the literature and in practice
in terms of evaluating and predicting slope stability [3-8].

Regarding the residual strength, the effects of the
shear rate on the residual shear strength of soil have been
widely investigated for many years [7, 9—15]. These inves-
tigations have shown that the residual strength is more or
less dependent on the shear displacement rates. However,
most of these investigations were conducted on normally

consolidated (NC) soil. Since it is commonly known that
the overconsolidation ratio (OCR) does not seem to affect
the residual shear strength at slow shear rates [3, 15-18],
the rate dependency of residual strength of OC soils has
rarely been investigated. However, some previous stud-
ies have presented that the volumetric change of a speci-
men, resulting from dilatancy, significantly depends on the
value of the OCR [5, 7, 19]. Vithana et al. [17] indicated
that the shear surface structure of OC soil can be disturbed
by dilation behavior during shearing and exhibited differ-
ently at different shear rates in ring shear tests. Recently,
Scaringi et al. [20] showed that the increase of OCRs could
lead to a decrease in the magnitude of positive rate depen-
dency of the residual interface strength of clayey bi-mate-
rial samples. Thus, the effect of the shear rate on the resid-
ual shear strength of an OC soil may differ from that of an
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NC soil and it needs to be further examined. With regard
to the peak strength, the shear rate effect (strain rate effect)
on the peak strength of both OC and NC soils has been
widely investigated and clarified, especially in triaxial
test [21-24]. Nevertheless, the rate effect on the peak shear
strength of soil in ring shear test has not been examined
and needs to clarified. In engineering practice, the shear
strength parameters obtained from different shear rates can
be used to different purposes such as providing a guide
for designing some structures which require high precision
of the design criterion or evaluating the stability of slopes
which contain a pre-existing shear surface.

In this study, a series of Bishop-type ring shear tests [25]
was conducted on remolded kaolin clay at different OCRs
under different shear rates. The shear rates were varied in the
considerably wide range of 0.02 mm/min to 20.0 mm/min.
The main objective of this study was to examine the shear
strength behavior and rate dependency of both peak and
residual strengths of OC clay and their relationship to the
OCRs in ring shearing to provide a better understanding of
shear strength measurement of OC soils. The variations in
the cohesion and friction angles at both peak and residual
strength states of the OC clay at different shear rates were
also clarified.

2 Materials and methods

2.1 Material, sample preparation, and test apparatus
This study used commercial kaolin clay in the form of
powder to prepare the remolded samples with high homo-
geneity. In Japan, commercial kaolin clay was commonly
used for investigating some geotechnical properties of the
soil, especially the residual strength [9, 26-28]. The phys-
ical properties of kaolin used in this study are as follows:
density of the soil particles: p, = 2.645 g/em’, clay fraction
content: (<2 mm), CF = 46%, liquid limit: w, = 77.5%,
and plasticity index: Pl =42.1%. The oedometer tests were
conducted on reconstituted kaolin sample prepared by the
preconsolidation procedure in a consolidation tank under
a pressure of 45 kPa. The coefficient of vertical consolida-
tion (c,) of kaolin sample determined from oedometer test
is 220.4 cm®/day at 100 kPa [29].

The dry powder kaolin clay was mixed with distilled
water into a slurry at about twice its liquid limit. The slurry
was then poured into a large consolidation tank with an inner
diameter of 15cm, a height of 30 cm [9, 29, 30] and vacuum
pressure of 70 kPa was applied for at least 1 hour to release
air bubbles The slurry samples were pre-consolidated at
a normal stress of 98 kPa in the consolidation tank until the
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primary consolidation was completed. The primary consol-
idation time was determined based on the 37 method [31].
The ring-shaped specimens used in the ring shear tests were
cut from the pre-consolidated samples using a cutting tool
to have an outer diameter (D) of 10.0 cm, an inner diameter
(d) of 6.0 cm (d/D = 0.6), and a height of 2.0 cm.

The Bishop-type ring shear apparatus [25] was
employed in the present study. In this apparatus, the shear
force, shear displacement, vertical displacement, and fric-
tional force between the inner circumference of the shear
box and the specimen were automatically recorded during
shearing. The details of this apparatus have been reported
in previous studies [9, 30, 32-34].

2.2 Experimental procedure

Each ring-shaped specimen, cut from the pre-consolidated
samples, was placed in the shear box. A series of ring
shear tests was carried out on reconstituted kaolin clay
at different artificial OCRs. To create an artificial OCR,
the specimens in the ring shear box were firstly consoli-
dated at a given consolidation pressure (¢,) until the end
of the primary consolidation, and then the normal stress
was decreased to the desired value to obtain the required
OCRs. The specimens were kept at the decreased normal
stress until the end of the dilatancy process before shear-
ing at this stress. The dilatancy process was confirmed
based on the 37 method.

To investigate the rate effect on the shear strength of
the OC clay, specimens with artificial OCRs of 1, 4, and 6
were used. This range in OCR values is commonly used
to investigate the shear strength behavior in ring shear-
ing [17, 35]. Vithana et al. [17] reported that the peak
strengths of landslide soils with OCRs of 4 and 6 at a slow
shear rate of 0.01 mm/min were almost identical. Thus, the
present study strove to partly extend the research results
of Vithana et al. [17]. Accordingly, the peak and residual
strength behaviors of the soil in ring shear tests with OCRs
of 4 and 6 will be extensively investigated at different
shear rates from 0.02 mm/min to 20 mm/min. The OCRs
of 1, 4, and 6 consist of stress combinations of 98/98 kPa,
392/98 kPa, and 588/98 kPa, respectively, in which, the
former value in each combination represents the consoli-
dation pressure and the latter represents the normal stress
at shearing. In this study, the specimens were consolidated
at different pressures and sheared at the same normal
stress. The experiment settings in the present study differ
from those of Vithana et al. [17] in which the specimens
were consolidated at the same pressure and sheared at



300 | Duong and Suzuki
Period. Polytech. Civ. Eng., 66(1), pp. 298-309, 2022

different normal stresses. The specimens were sheared at
shear displacement rates, J, in the 1000 times range from
0.02 mm/min to 20.0 mm/min to a shear displacement of
about 314 mm (a rotation angle of 450 degrees) under the
effective normal stress of 98 kPa.

To investigate the variations in the apparent cohesion
and friction angles of the OC clay at different shear rates,
three specimens were consolidated at 588 kPa and then
sheared at effective normal stress levels of 588, 392, and
98 kPa which correspond to OCRs of 1, 1.5, and 6, respec-
tively. The shear displacement rates of 0.02 to 2.0 mm/min
were applied. In this procedure, the residual strength of
clay with an OCR of 1.5 (588 kPa/392 kPa) at different
shear rates from 0.02 to 2.0 mm/min was also evaluated.

To prevent the specimens from drying during testing,
distilled water was immediately poured into the water
bath after applying the consolidation pressure. To mitigate
the contact friction between the upper and lower rings of
the shear box and to minimize the soil extrusion from the
shear surface, the gap between them was set at 0.1 mm
before shearing. In the Bishop-type ring shear apparatus,
the drainage condition is allowed during shearing.

3 Experimental results and discussions

3.1 Ring shear behavior of OC clay under different
shear rates

The initial conditions and the test results of the kaolin speci-
mens at different OCRs under different shear displacement
rates are shown in Table 1. The residual strength (z,) and
the residual stress ratio (z/o,), were determined based on
the hyperbolic curve approximation method [36]. The rela-
tionships of shear stress 7 to shear displacement ¢ at dif-
ferent OCRs are presented in Figs. 1(a)—(c). As shown, the
shear stress increases rapidly to reach the peak strength
at a small shear displacement; then it begins to decline
and is accompanied by an increase in shear displacement.
The relationship between the shear displacement necessary
to reach the peak state, J', and the different OCRs under
sheardisplacementrates from 0.02 mm/minto 20.0 mm/min
is shown in Fig. 2. This figure shows that the shear dis-
placement required to reach the peak state decreases with
the increasing OCRs for all the shear displacement rates in
the above range. This confirms that an increase in the OCR
leads to shear behavior with more brittle failure. However,
the required shear displacement becomes mostly constant
at OCRs of 4 and 6. These results are in good agreement
with those of Vithana et al. [17].

3.2 Rate effect on peak strength of OC clay

Fig. 3 presents the relationship between the peak stress
ratio, (t/0,),, and the shear displacement rates of the kaolin
samples at different OCRs. It can be seen from this figure
that, in the case of the OCR of 1, (/g,), is almost constant
at slow shear rates (less than or equal to 0.5 mm/min) and
decreases with an increase in shear rates above 0.5 mm/min.
These trends may be caused by the lack of any effect of
the excess pore water pressure at slow shear rates and the
delayed dissipation of excess pore water pressure during
fast shearing at the peak state. The peak strengths (fully
softened strength) of the NC samples at shear rates below
and above 0.5 mm/min can be referred to as the drained
and partially drained/undrained shear strengths, respec-
tively [9]. Like the NC specimens, the stress ratios at the
peak state, (7/g,),, of the specimens at the OCRs of 4 and 6
are constant irrespective of the slow shear rates (less than
or equal to 0.2 mm/min). Unlike the NC specimens, how-
ever, the peak stress ratios of the OC specimens tend to
increase as the shear displacement rates become equal to or
higher than 0.2 mm/min. The test results also show that the
peak strengths of the OC specimens are higher than those
of the NC specimens. Nevertheless, the difference in peak
strengths of the kaolin clay at the OCRs of 4 and 6 is insig-
nificant. This is consistent with the test results of Vithana
et al. [17]. Although Vithana et al. [17] noted that the peak
friction coefficient of Kamenose soil at the OCR of 4 was
equal to that at the OCR of 6, it did not reflect the effect of the
shear displacement rates on the peak strength at the OCRs
of 4 and 6. In the present study, the peak strength of kaolin
clay at different OCRs was determined at different shear
displacement rates from 0.02 mm/min to 20.0 mm/min.
The test results show that the peak strength of kaolin at the
OCR of 4 is almost similar to that at the OCR of 6, regard-
less of the shear displacement rates, as shown in Fig. 3.

In this study, when the OC specimens are subjected to
shear in ring shearing, they show dilation behavior at the
initial stage of shearing. This process leads to an increase
in the void ratio under a drained condition. If the speci-
men is not allowed to be in a drained condition, a decrease
in pore water pressure will appear. The excess pore water
pressure inside the specimen may decrease to a negative
value. The effect of excess pore water pressure on the peak
strength behavior is closely related to the time it takes
for the peak failure to occur. The test results showed that
the peak strength of the OC specimens was reached after
a very small shear displacement at all shear rates in the
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Notes for Table 1: *Some of these test data have been published in [9]

D Consolidation pressure in consolidation tank T, Peak strength
(preparing sample) (t/oy),: Residual stress ratio determined by hyperbolic
Wp: Initial water content curve approximation method [36]
e Initial void ratio T Residual strength determined by hyperbolic
Do Initial wet density curve approximation method [36]
S, Initial degree of saturation e, Void ratio after consolidation
o, Consolidation pressure in shear box e, Void ra?g gefore 'shearlng (after swelling in the
Ono: Initial normal stress ile.ZS 0 ) fSP eclllmerlls)
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Fig. 1 Relationship of shear stress 7 and shear displacement ¢ at different OCRs



range of 0.02 mm/min to 20.0 mm/min (Fig. 2). At slow
shear rates of less than or equal to 0.2 mm/min, there is
sufficient time for the dissipation of pore water pressure
before failure occurs. Thus, the peak shear stress at these
shear rates is obtained under a drained condition. At shear
rates above 0.2 mm/min, however, the time it takes to reach
the peak stress ratios is short and may be insufficient for
the dissipation of negative pore water pressure before fail-
ure occurs. Therefore, in this case, the peak shear stress or
the peak stress ratios increase as the shear displacement
rates increase and can be considered as partially drained
or undrained behavior. The shear behavior may be mod-
erately changed from drained to undrained through a par-
tially drained condition as the shear rates increase [21].

The behaviors of the shear stress of the NC and OC
samples at peak state with increasing shear rates in ring
shear tests are schematically presented in Fig. 4. The peak
shear stress of the NC kaolin clay (fully softened strength)
at shear rates of less than or equal to 0.5 mm/min and of
the OC kaolin clay at shear rates of less than or equal to
0.2 mm/min can be obtained under the drained condition.
The partially drained or undrained condition is exhibited
at shear rates above 0.5 mm/min for the NC clay and at
above 0.2 mm/min for the OC clay due to the delayed dissi-
pation of the pore water pressure. In the drained condition,
the peak shear strength is independent of the shear rates
due to the lack of any effect of the excess pore water pres-
sure. In contrast, the peak strength under partially drained
and undrained conditions exhibits shear rate dependency
which is closely related to the delayed dissipation of the
pore water pressure. These behaviors are consistent with
those observed in triaxial tests [21-24] and direct shear
tests [37]. In particular, Asaoka et al. [21] revealed that the
partially drained shear strength of normally consolidated
clay decreased, while the undrained shear strength in tri-
axial tests increased as the strain rate increased. At the
strain rate of 4.9%/min, the partially drained shear strength
was equal to the undrained shear strength. This indicates
that the migration of pore water affected both the partially
drained and undrained shear strengths. In this study, the
delayed dissipation of the pore water pressure within the
shear zone of OC specimens is closely related to the shear
rate and affects the tendency of peak strength. This behav-
ior is similar to shearing the sample at different values of
saturation degree. Under undrained condition, the decrease
in saturation degree will lead to a decrease in pore water
pressure and results in an increase in the undrained peak
shear strength [38].
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3.3 Rate effect on residual strength of OC clay

Fig. 5 presents the relationship between the residual stress
ratio, (t/a,),, and the shear displacement rates. For all the
cases of OCRs, namely, 1, 4, and 6, the residual stress
ratios show an increasing trend with the logarithm of shear
displacement rates from 0.02 mm/min to 20.0 mm/min.
The increase in the residual strength of the kaolin clay
with the increasing shear displacement rates could have
been induced by the change in shear mode from sliding to
turbulent [7, 10, 16]. In addition, the increase in the resid-
ual strength of the NC clay (OCR = 1) could also be related
to the soil extrusion through the gap between the upper
and lower rings of the shear box [9]. Soil extrusion will
lead to an increase in the final vertical displacement. Fig. 6
shows the relationship between final vertical displacement
nf and the shear displacement rates for both NC and OC
specimens. It can be seen from this figure that the final
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rate at different OCRs
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vertical displacements of the OC specimens are almost
similar, but much lower than those of the NC specimens,
so that the positive rate effect on the residual strength of
the OC clay may not be related to the soil extrusion. This
reveals that OC samples should be used to determine the
residual strength of soil using the Bishop-type ring shear
device to reduce the soil leakage through the gap. This
suggestion is similar to that of Stark [6], Stark and Eid [8]
when using OC samples to determine the residual strength
of soil using the Bromhead-type ring shear device.

For the OC samples, in addition to the structural
change, the increase in residual strength at fast shear rates
may be attributed to the existence of negative pore water
pressure caused by dilation. However, the data in Fig. 6
show contractive behavior for all samples in the residual
stage, including the OC specimens. Hence, the effect of
the negative pore water pressure on the residual strength
of OC clay can be excluded.

Li et al. [15] and Xu et al. [18] also investigated the
rate dependency of the residual strength of OC clay.
Nevertheless, there is no quantitative relationship between
the OCRs and the magnitude of the rate effect could be
drawn. In this study, rate effect coefficient o’ is used to
quantitatively evaluate the effect of the OCR on the rate
dependency of the residual strength. Parameter o' is defined
as follows [9]:

e d(T/GN)r

- 1
d(logd) &

In Eq. (1), o is the rate effect coefficient; d(logd) is the
change of shear rates; d(v/o,), is the change of residual
stress ratios in d(logé). The coefficient of the rate effect on
the residual strength of kaolin at different OCRs is shown
in Figs. 5 and 7, in which coefficient o’ in Fig. 5 is calcu-
lated based on the samples pre-consolidated at different
stress levels (o, = 588, 392, and 98 kPa), but sheared at the
same effective normal stress (o,, = 98 kPa). In contrast,
coefficient o' in Fig. 7 is calculated based on the samples
pre-consolidated at the same stress level (o, = 588 kPa),
but sheared at different effective normal stress levels
(o, = 588, 392, and 98 kPa). The values for a’ are summa-
rized in Table 2.

The relationship between rate effect coefficient o’ and
the OCRs is given in Fig. 8. This figure shows that the
positive rate effect coefficient decreases as the OCRs
increase, regardless of the magnitude of effective normal
stress. In other words, the magnitude of the positive rate
effect on the residual strength tends to decrease with the
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Table 2 Rate effect coefficient, o

Oy OCR Shear displacement ,
o, (kPa) (kPa) (=0./oy,) rates (mm/min) ¢
98 98 1 0.02-20 0.035
392 98 4 0.02-20 0.023
588 98 6 0.02-20 0.019
588 392 1.5 0.02-2.0 0.034
588 588 1 0.02-2.0 0.037
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Fig. 8 Relationship between o’ and OCRs

increasing OCRs. This tendency is consistent with that
discussed in Scaringi et al. [20]. Accordingly, the increase
in OCRs may lead to a decrease in the positive rate effect
on the residual strength at the interface of clayey bi-mate-
rial [20]. As mentioned previously, the main reason for the
positive rate effect is related to the change in shear mode
from sliding to turbulent [7, 10, 16]. Vithana et al. [17]
stated that the shear surface structure of OC soil may be
disturbed by the dilation process. This leads to difficulty
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in reversing the face-face particle orientation (sliding) to
turbulent shear behavior. This phenomenon may result in
a lowering of the magnitude of the positive rate effect.
Moreover, as mentioned above, the increase in soil extru-
sion of the NC specimens through the gap at fast shear
rates may lead to an increase in the positive rate effect on
the residual strength of the NC clay.

In addition, the magnitude of the rate dependency of
the residual strength may be related to the void ratio of
the samples. Li and Aydin [39] indicated that the positive
rate effect may be decreased by the increase in soil density
(decrease in void ratio). Figs. 9(a) and (b) show the changes
in the void ratio of the samples at different OCRs in the
case of shearing at the same effective normal stress and dif-
ferent effective normal stress levels, respectively. The void
ratios were calculated after consolidation, before and after
shearing, based on changes in the vertical displacement of
the specimens. It should be noted that the void ratios after
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shearing may not totally reflect the real values because of
soil leakage through the gap between the upper and lower
parts of the shear box, especially at the OCR of 1. However,
they more or less reflect the relationship between the soil
density and the rate dependency of the residual strength.
As shown in Fig. 9(a), the void ratios before and after shear-
ing decrease with the increasing OCRs.

The relationship between the rate effect coefficient and
the average void ratio after the shearing of a sample at dif-
ferent OCRs is seen in Fig. 10. As reflected in the figure,
the rate effect coefficient decreases as the average void
ratio after shearing decreases (increasing OCRs). Hence,
the findings of Li and Aydin [39] seem to be consistent with
the change in the positive rate effect coefficient when shear-
ing at the same effective normal stress. However, Fig. 9(b)
indicates that the void ratios before and after shearing tend
to increase with the increasing OCRs due to dilation behav-
ior during the unloading process. This means that the mag-
nitude of the positive rate effect on the residual strength of
the OC samples may not be totally related to the change in
the void ratio (soil density). Therefore, the disturbance of
the shear surface structure of the OC samples subjected to
shearing, especially at fast shear rates, can be an additional
cause of the decrease in magnitude of the positive rate
effect with increasing OCRs. As described above, the soil
extrusion through the gap at the middle level of the shear
box in the NC samples is much higher than that in the OC
samples, and higher soil extrusion may lead to an increase
in the residual strength [9]. Hence, the decrease in magni-
tude of the positive rate effect on the residual strength as
the OCRs increase can be attributed to less soil extrusion
through the gap for the OC specimens (mechanical effect).

3.4 Variations in cohesion and friction angles of OC
clay under different shear rates

The variations in the cohesion and friction angles of the OC
samples were investigated under shear displacement rates
of 0.02 to 2.0 mm/min. The tests were conducted on indi-
vidual specimens under different effective normal stress
levels equal to different OCRs. Accordingly, at each shear
rate, three specimens were firstly consolidated under the
effective normal stress of 588 kPa; then they were sheared
at effective normal stress levels of 588, 392, and 98 kPa,
respectively (Table 1).

The relationships between the effective normal stress
and the shear stress at the peak and residual states are
shown in Figs. 11(a) and (b), respectively. It can be seen
that all the linear regressions are almost parallel at the peak
state (Fig. 11(a)), whereas the slope of the linear regression
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increases with increasing shear displacement rates at the
residual state (Fig. 11(b)). This may reflect the difference
in the variations in cohesion and friction angles at the peak
and residual states of the OC samples.
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Table 3 Results of cohesion intercept and internal friction angles of OC clay

Peak strength

Shear disp. rates

Residual strength

No (mm/min) Specimen types Cohesion intercept Internal friction Cohesion intercept, Internal friction
¢, (kPa) angle, ¢, (deg) ¢, (kPa) angle, ¢, (deg)
la 0.02 ocC 243 18.8 7.3 8.1
1b 0.02 NC 15.8 19.8 6.8 9.0
2 0.05 ocC 24.5 19.3 7.8 9.0
3 0.2 ocC 25.5 19.5 4.9 10.3
4 0.5 ocC 30.3 19.1 1.2 11.6
5 2.0 ocC 34.0 17.5 0.5 13.0

The calculated results for the apparent cohesion and fric-
tion angles at both the peak and residual states of the OC
specimens are summarized in Table 3. The residual strength
parameters of the NC kaolin sample at a slow shear rate
of 0.02 mm/min were also determined. The results confirm
that the stress history (OCR) has almost no effect on the
residual strength.

The variations in the apparent cohesion and friction
angles at the peak and residual states under different shear
displacement rates are presented in Figs. 12(a) and (b).
As shown in Fig. 12(a), the peak cohesion intercept tends
to increase as the shear rates increase at above 0.2 mm/
min, while the peak internal friction angle is almost inde-
pendent of the shear rates in the range of 0.02 to 2.0 mm/
min. As mentioned previously, negative pore water pres-
sure may be generated at the peak failure when the OC
specimens are subjected to shear. With the existence of
negative pore water pressure (matric suction), the total
peak cohesion can be composed of true cohesion and
apparent cohesion. True cohesion is thought to be repro-
duced by chemical cementation due to aging, interlock-
ing between particles, and bonding stress due to nega-
tive pressure [26]. The increase in the peak strength of
OC kaolin clay as the shear rates increase is due to the
increase in true cohesion which can be attributed to the
delayed dissipation of negative pore water pressure (suc-
tion). As reported by Ho and Fredlund [40], the increase
in shear strength due to suction can be attributed to the
increase in cohesion. In contrast, the negative pore water
pressure may not affect the peak friction angle [41, 42].
The research results of Han et al. [43] also indicated that
the peak friction angle of highly overconsolidated clay
(OCRs from 7 to 56) in triaxial tests appeared to be inde-
pendent of the strain rates. The tendency of cohesion and
internal friction angles at the peak state of the OC kaolin
clay with increasing shear rates is consistent with the ten-
dency of the peak stress ratios, as shown in Fig. 3.
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Fig. 12 Variations in cohesion and internal friction angles of OC clay at

different shear rates at: a) peak state and b) residual state

At the residual state, unlike at the peak state, the friction
angle increases, whereas the cohesion remains constant and
then tends to slightly decrease as the shear displacement
rates increase (Fig. 12(b)). Although the residual cohesion
decreases with the shear displacement rates, it has no effect
on the overall tendency of the residual stress ratio, as men-
tioned above, because the residual cohesion is insignificant.
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Therefore, the increase in the residual strength of OC clay
with increasing shear rates is attributed to the increase in the
internal friction angles of the soil on the slip surface.

4 Conclusions

This paper has presented an experimental investigation of
ring shear tests conducted on kaolin clay at OCRs ranging
from 1 to 6. The tests were conducted at shear rates rang-
ing from 0.02 mm/min to 20.0 mm/min and under normal
stress levels of 98, 392, and 588 kPa, respectively. Based on
an analysis of the test results, the main conclusions can be
drawn as follows:

For both NC and OC kaolin clays, the shear behavior
switches from drained to partially drained/undrained condi-
tions at shear rates exceeding 0.2—0.5 mm/min. However, at
shear rates above 0.5 mm/min for NC clay and 0.2 mm/min
for OC clay, the rate effect on the peak strength of NC and
OC kaolin clays occurs due to different tendencies. This
shows that a change in the overconsolidation ratio affects
the type of rate effect on the peak strength of kaolin clay
in ring shearing.
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