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Abstract

Residual strength parameters of clay soils along the slip surface of a slope are important parameters for stability analysis
and countermeasure works against the activation and reactivation of landslides. The residual strength of slip surface soil is
defined as the minimum constant value attained after a large displacement, which may equivalent to the measured residual
strength of such slip clay soils in the ring shear test. However, the previous studies reported that the residual shear strength
of clay soils may vary with shearing rates in ring shear tests. Therefore, further investigation is needed to understand the
relation between the residual strength and shear rates for various types of clay soils collected from the reactivated landslide
sites. Moreover, the effect of shear rate on the residual strength of high- to low-plasticity soils with the presence of different
clay minerals has not yet been fully understood. The main objective of this study is to understand the rate dependency of
the residual strength of typical clay soils from the soil plasticity and clay mineralogical perspective, and the shear rate effect
mechanisms behind it. This paper presents the effect of shear rates on residual strength of various typical clay soils having
high-to-low plasticity in its soil natures. The shear rates were fixed in a range of 0.073-0.586 mm/min at different six shear
rates (i.e., 0.073 mm/min, 0.162 mm/min, 0.233 mm/min, 0.313 mm/min, 0.398 mm/min, and 0.586 mm/min). A series of
tests were performed by means of torsional ring shear apparatus in the fully natural drained condition under an effective
stress of 98.1 kN/m?. Shear rates on residual strength of the high-plasticity soils, medium-plasticity soils, and low-plasticity
soils having various clay minerals were compared. The results showed the neutral rate effect on the residual shear strength
of typical clay soil at shear rates of 0.073 mm/min, 0.162 mm/min. Similarly, the positive rate effect on residual strength
of typical clay soils was confirmed at shear rates of 0.233 mm/min, 0.313 mm/min, 0.398 mm/min, and 0.586 mm/min.
The relation between residual friction coefficient and shear rate of typical clay soils was also presented. Finally, shear rate
mechanism of clay soils was discussed based on the variation of residual friction angles with shearing rates.
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Introduction

For the stability analysis and design of countermeasure
works against the reactivation of landslides, the effective
shear strength parameters such as frictional angle (¢") and
the cohesion (c") of slip clay soils are necessary. Moreover,
the effective residual strength parameters (¢',, c¢',) could be
also used for evaluating the stability and movement behavior
of the first-time slide. The residual strength parameters of
soils are the most important parameter in the stability analy-
sis of ancient landslide and reactivation potential evaluation
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[3-6]. If there is a slight change in the residual strength
parameters, the net results of the stability assessment of
landslides might be also affected [8§—10]. For example, if
the applied stress of a sliding block is less than the resid-
ual strength of slip soil (i.e., factor of safety is greater than
one), a slope cannot fail. When the residual strength may
increase from its residual state, it could prevent catastrophic
landslides because the increased in strength also increase in
stability of slopes. Alternatively, when the residual strength
of the slip surface soils decreases from its residual state in
a short time, the slope may lead to fail due to decrease in
stability of slopes. The accurate determination of residual
shear strength parameters and their dependence on the shear
rate may affect the stability evaluation of landslides [1, 2, 11,
33]. Moreover, if there is a possibility of change in measured
residual strength with the variation of the shear rates for the
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same slip clay soil of a landslide, the effect of shear rates on
residual strength should be carefully considered during the
determination of the residual strength parameters to obtain
design parameters with high accuracy and reliability. There-
fore, the study of the shear rate effect on residual strength of
slip clay soils is important in geotechnical engineering for
estimating the accurate design strength parameters for stabil-
ity analysis of slopes. Moreover, a better understanding of
the shear rate effect on residual strength of slip clay soils and
associated shear rate effect mechanisms would be beneficial
in predicting and evaluating of the activated and reactivated
landslides, and at the same time, long-term management of
such landslide problems would be easy in future.

The reversal direct shear test and ring shear test are
widely used to measure the residual strength of clay soil
in the laboratory. In the reversal direct shear test, the soil
specimen is sheared forward and backward direction with
a minimum shear resistance (i.e., less than 0.5 cm). As a
result, the specimen is not subjected to continuous shear
deformation in one direction, and thus, a full orientation of
the clay particles parallel to the direction of shear may not
be obtained [33]. Therefore, the measured residual strength
using the reversal direct shear test may not represent the true
value of the soil strength in a practical sense [37]. However,
recent research trends show that a ring shear apparatus is
being widely used to measure the residual shear strength of a
clay soils [4—6]. The main advantage of the ring shear appa-
ratus is that it can shear the specimen continuously in one
direction to obtain the large displacement, and this allows
the clay particles to be oriented parallel to the direction of
shear to develop the true residual shear strength condition
[12, 21, 36]. Another advantage of the ring shear device is
that no change occurs in the shear plane area during shear
[37, 38]. For the precise measurement of residual strength,
the large deformation is applied to a specimen so that clay
particles are oriented along the shear surface in the direction
of shear to the maximum possible extent [18, 29, 33]. There-
fore, it is a generally accepted fact that the measured residual
strength using the ring shear test allows the soil specimen
to be sheared at ultimate displacement, which may simulate
the field condition of reactivated landslide more accurately
than other lab tests [4-6, 9, 10, 22, 33].

Lupini et al. [24] reported that the residual shear strength
changes with clay content of the cohesive soil in ring shear
test. The effect of shear rate between 0.002 and 0.1 mm/min
on residual strength was negligible in clay soils [33]. Lemos
et al. [23] reported that the residual shear strength of soils
with high clay content increases and decreases with a low
clay content. Yatabe et al. [42] reported that the residual
strength of clays in fractured-zone landslide areas hardly
increases with the increase in the shear rates. Yokota et al.
[43] concluded that the shear rates below 1.01 mm/min do
not affect the residual shear strength in ring shear tests. Tika
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et al. [35] stated that some soils show greater shear strength
than the residual strength (i.e., positive rate effect) in high
shear rates, while some soils exhibit a lower strength (i.e.,
negative rate effect) or a constant shear strength (neutral rate
effect) with varying shear rates. Suzuki et al. [34] reported
that the shear rate in a range of 0.02-2.0 mm/min signifi-
cantly influenced the residual strength of clay soils and
mud stone. Bhat et al. [1, 2, 7] and [11] reported the hardly
increase in the strength from the residual state of shear on
kaolin clay and landslide soils in slow shear displacement
rates. Scaringi and Maio [32] pointed out that the residual
shear strength of kaolin and bentonite has increased with
the increase in displacement rate. The shear-rate-depend-
ent behavior of clayey biomaterial interfaces in a range of
shear rate of 0.002—-120 mm/min under normal stress of
150-1500 kPa was discussed by Scaringi et al. [30]. Scar-
ingi et al. [31] discussed the various rate effect behaviors
(i.e., neutral, positive, negative rate effect) of soil based on
the presence of clay minerals. The shear rate effects on dry
and saturated mudstone gravels with different gain sizes in
a wide range of displacement rates (0.005-100 mm/s) were
reported [19]. Similarly, Hu et al. [17] stated the suction
and rate-dependent behavior of a shear-zone soil from a
Kualiangzi landslide in the Sichuan basin of China. Slow
shearing rate effects on residual strength of landslide soils
(which included high- and low-plasticity soils as well as
clay-rich and silt-/sand-rich soil types) have been studied
by Kimura et al. [20] using ring shear test. Kimura et al.
[20] concluded the negative shearing rate effect on residual
strength at low effective normal stress. Gratchev and Sassa
[15] indicated that there is an immediate increase in residual
strength pre-sheared clays from its residual state (i.e., posi-
tive rate effect) when the shear rate is also increased in ring
shear test [15]. The rate and acceleration effects on residual
strength of high-plasticity soil using the ring shear test have
been discussed by Duong et al. [13] and concluded that the
shear rate effect on residual strength of high-plasticity soil
cannot be neglected; however, the effect of acceleration can
be neglected in determining the residual strength. Wang and
Cong [39] discussed the role of water content and shearing
rate change in the residual shear stress of slip soils using
the ring shear test results. Lian et al. [22] reported the shear
rate effect on the residual strength characteristics of satu-
rated loess in naturally drained ring shear tests at two shear
rates (i.e., 0.1 and 1 mm/min) and revealed that the residual
shear parameters reduced with the increase in the shear rate
in the loess area. Wang et al. [40] investigated the varia-
tion in shearing rate effect on residual strength of slip zone
soils using ring shear tests and concluded that the residual
strength decreases with increasing shearing rate (i.e., nega-
tive rate effect) and exists a good linear relationship with the
logarithmic shearing rates. Hu et al. [17] also concluded the
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possibility of the negative-rate effect behavior at low rates
of shear displacement.

In summary, the previous studies have been recognized
the three types of variation of the residual strength of clay
soils with a variation of shear rates, which are named as pos-
itive rate effect [1, 2, 7, 11, 15, 22, 27], the neutral rate effect
[15, 22, 23, 26, 33], and negative rate effect [15, 17, 20, 40].
In the positive shear rate effect, the residual shear strength
increases with a variation of shear rates under a given nor-
mal stress. Similarly, when the residual shear strength does
not change with a variation of shear rates under the same
given normal stress, it is called neutral rate effect. On the
other hand, if the residual shear strength of clay soil may
decrease with a variation of shear rates, it is named as nega-
tive rate effect. The simple sketch of negative, positive, and
neutral rate effects on the shear behavior of clay soils is
shown in Fig. 1. Based on the above discussion, it can be
concluded that the shear rate effects on the residual strength
of various types of soils are not fully understood and need
further investigations. This study confirms the positive and
the neutral rate effect on the shear behavior of testing clay
soil. The details are discussed in section “Results and Dis-
cussion” of “Shear behavior” section.

The basic understanding of the reactivated landslides is
that it has already experienced very high shear deforma-
tions or displacements, and the slip surface’s soil materials
of such landslides have already reached a stable or steady
state, which is called a residual state [3—-6, 8—10]. However,
the previous studies [1, 2, 7, 11, 15, 20, 22, 23, 26, 27, 33,
40] suggested that the residual shear strength of slip soils of
reactivated landslides may vary (i.e., decrease, increase and
neutral) with the variation of the shear rates after the large
displacement in laboratory tests. However, the mechanism(s)
behind such variation in strength from its residual state of
shear of slip clay soils of reactivated landslide with change
in shear rates are not yet fully understood. On the other hand,
the shear rate effect on the residual strength of the clay soils
having the different clay minerals such as kaolinite, smectite,

Peak strength

2

@

]

@»

b

E Shear rate change

@ Positive
. . Neutral

Residual strength Negative

Shear displacement

Fig. 1 The basic concept of negative, positive, and neutral rate effect
on shear behavior

chlorite, and illites has not been sufficiently investigated.
To address the above-mentioned problems, the shear rate
effects on the residual strength characteristics of different
clay soils should be further investigated from both soil plas-
ticity and clay mineralogical perspective. Therefore, the pri-
mary aim of this study is to understand the shear rate effect
on residual strength of typical clay soils having high-to-low
plasticity in their soil’s nature and their possible shear rate
effect mechanisms. The specific objectives of this study are:
(i) to confirm the residual strength of clay soils either var-
ies or not with the variation of the slow shear rate using
the torsional ring shear test, (ii) to conduct a comparative
study of shear rate effect on shear behavior of high-plasticity
soils, medium-plasticity soils, and low-plasticity soils, (iii)
to establish the relation between the residual friction coef-
ficient and shear rate of typical clay soils, (iv) to under-
stand the mechanism(s) behind the change in shear strength
from the residual state of shear with variation of the shear
rates in ring shear test. In this study, four typical clay soils
having high plasticity to low plasticity in their soil’s nature
were tested with varying shear rates of 0.073-0.586 mm/
min at six shear rates (i.e., 0.073 mm/min, 0.162 mm/
min, 0.233 mm/min, 0.313 mm/min, 0.398 mm/min, and
0.586 mm/min) using the ring shear apparatus. The physi-
cal soil properties such as solid density, liquid limit, plastic
limit, and plasticity index of selected typical clay soil have
been examined and quantified the percentage of clay and
silt and sand particles. In addition, the X-ray diffraction
tests were also performed to confirm the presence of clay
minerals on the tested samples. This paper primly describes
the shear behavior, residual friction coefficient and shear
rate relation, and shear rate effect mechanism based on the
experimental results of the torsional ring shear test.

Materials and method
Selection and description of tested samples

In this study, four typical clay soils were taken. One sample
was commercially available kaolin clay, named as “Clay
soil-I”, and other three clay soils were collected from the
landslide sites in Japan and Nepal (Refer Bhat et al. [6] for
details of sample collection of landslide area). The second
tested sample was collected from the Krishnabhir landslide
of Nepal. Figure 2 shows the typical X-ray diffraction pat-
terns of the second clay soil. From the power method,
the maximum value of the peak intensity was recorded at
a diffractive angle between 9.9° and 10.1°, which repre-
sented the mica as the main constituent mineral. Moreover,
the peak intensity (i.e., at 9.9° to 10.1°) for mica mineral
was also confirmed by the sedimentation method and the
ethylene glycol method (Fig. 2).Therefore, the selected
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Fig.2 A typical X-ray diffrac- 1800
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second clay soil was confirmed to have a comparatively
high amount of mica, which was referred to as “Clay soil-
IT”. Similarly, the third clay soil was collected from the
Shikoku landslide of Japan. Figure 3 shows the typical
X-ray diffraction patterns of the third clay soil. From the
power method, the maximum value of the peak intensity
was recorded at a diffractive angle between 6.1° and 6.4°,
which represented the chlorite as the main constituent
mineral. The peak intensity (i.e., at 6.1° to 6.4°) was also
confirmed by the sedimentation method and the ethylene
glycol method as shown in Fig. 3. Hence, the third clay
soil was confirmed to have a comparatively high amount
of chlorite, which was referred to as “Clay soil-III.” The
fourth clay soil was collected from the Toyooka-kita land-
slide of Japan. The results of X-ray diffraction patterns of
the fourth clay soil are presented in Fig. 4. In the power
method, smectite mineral showed the maximum value of
the peak intensity, which represented the smectite as the
main constituent minerals. The obtained peak intensity
from the power method was changed and the maximum
peak intensity was observed at a diffractive angle between
5.2° and 5.5° in the case of the sedimentation method and
the ethylene glycol method (Fig. 4). This means that the
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presence of smectite mineral was higher when compared
to other minerals. Therefore, the fourth clay soil was con-
firmed to have a comparatively high amount of smectite,
which was named to as “Clay soil-IV”.

The plasticity index of the Clay soil-IV was the high-
est and followed by the Clay soil-1, the Clay soil-III, and
then the Clay soil-II, respectively. The clay particle size
(i.e., <2 um) of the Clay soil-I was also the highest and
the lowest for the Clay soil-IIT (Table 1). The silt par-
ticles were highest on the Clay soil-III when compared
to the other clay soils. Similarly, the presence of sand
particles was confirmed maximum on the Clay soil-IV.
The influence of particle size distribution on the residual
shear strength of clay soils is studied by Yatabe et al. [42].
Yatabe et al. [42] have concluded that the residual shear
strength of a soil sample is controlled by the matrix mate-
rial when the content of the sand particles is less than 30%.
Therefore, we have taken the particles passing through
425-um sieve and assumed that the particles with diameter
greater than 425 pm have a negligible effect on the residual
shear strengths of the soil samples. The grain size distribu-
tion curves of the typical clay soils are shown in Fig. 5.
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Fig.3 A typical X-ray diffrac-
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Test procedure

In the ring shear apparatus, the lower half of the appara-
tus is below the plane of failure rotates, whereas the upper
part is fixed. During operation, a resistance develops in the
upper part, and the value is measured by a load cell, which
measures the shear force due to the rotation of the lower
part transmitted to the upper part through the sheared soil
specimen. The ring shear apparatus (based on the concept
reported by Bishop et al. [12]) was used in this study. In
this ring shear apparatus, the specimen container has inner
and outer diameters of approximately 8.0 cm and 12.0 cm,
respectively, and an average thickness of 2 cm. The speci-
men is sheared through a level of 0.7 cm above the base of
the lower plate. The ratio of the outer to inner ring diameters
is 1.5. In this study, all tests are conducted in a naturally
drained condition. The gap between the upper and lower
confining rings of the apparatus is fixed at 0.2 mm to reduce/
minimize the friction between the upper and lower confining
rings and of the overflow of the specimen from the shear
surface during shear. The size of the gap is maintained by
means of three screws. Moreover, the grease was also used
on the ‘O’ ring (rubber) to reduce the friction between the
contact surface of ‘O’ ring (rubber) and test specimen dur-
ing the shear test. The excess pore water pressure is assumed
to dissipate and to have no influence on the normal stress
in the fully drained natural condition. Thus, the effect of

6 8 10 12 14 16 18 20
Diffraction angle (26°)

pore water pressure is negligible. Consequently, the total
applied pressure works as effective pressure, and the entire
test system is under an effective stress condition. The normal
load is transmitted to the sample by the central shafts which
can directly apply. Mechanisms are made in such a way that
there is no eccentricity during the application of normal load
and shear strain during the test. The details of cross section
of the ring shear apparatus are shown in Fig. 6.

The ring shear test is conducted to determine the
strength parameters at the residual state of shear of soils.
There are three basic stages in the ring shear test: (a) sam-
ple/specimen preparation: first, sample/specimen prepara-
tion was carried out. For this, about 200 g of finer than
425-pum dry sample was mixed with distilled water until it
turned into a thick liquid (i.e., viscous liquid). The fully
mixed thick liquid sample was then de-aired in a vacuum
chamber to make it fully saturated. The de-aired sample
was then poured into a specimen mold and pre-consoli-
dated under desired loads for about 24 h. Then, the speci-
men was carefully transferred from the specimen mold
to the specimen container of the ring shear apparatus for
further consolidation and shear. (b) Consolidation stage:
Next, the specimen was consolidated further before shear
was begun. In the consolidation stage, at first an effective
normal stress of 196.2 kN/m? was applied, and after the
end of the consolidation, the effective normal stress was
reduced to 98.1 kN/m? to achieve an over-consolidation
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Fig.4 A typical X-ray diffrac- 600
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Table 1 Physical properties of Sample name  Solid density, Liquid Plastic Plasticity Soil classification
the tested samples G, (gfem®)  limit,LL  limit, PL index, PI :
(%) (%) (%) Clay (%) Silt(%) Sand (%)
Clay soil-I 2.72 52 22 30 74 26 0
Clay soil-II 2.74 34.1 20.7 13.4 21 59.7 19.3
Clay soil-IIT 2.75 475 312 16.3 20 68.1 11.9
Clay soil-1V 2.65 96.5 59.0 37.5 24 18.0 58.0

ratio (OCR) of 2. This was done for the purpose of obtain-
ing a distinct difference in peak and residual strength
because in most cases of normally consolidated clay sam-
ples in the ring shear apparatus, the amount of drop from
the peak to residual strength is insignificant. So, all shear
tests were conducted under an effective normal stress of
98.1 kN/m?. (c) Finally, the over-consolidated specimens
were sheared at different rates of shear. The shear rates
were varied from 0.073 to 0.586 mm/min (i.e., 0.073 mm/
min, 0.162 mm/min, 0.233 mm/min, 0.313 mm/min,
0.398 mm/min, and 0.586 mm/min) and the shear was con-
tinued until a specimen reached its residual state of shear.
The overall flow of the experiment is shown in Fig. 7.

@ Springer

Results and discussion

The results of the various slow shear rates of the Clay soil-
I, the Clay soil-1I, the Clay soil-III, and the Clay soil-IV
are presented in terms of variation of shear stress to shear
displacement and the variation of volumetric strain with
shear displacement in Figs. 8, 9, 10, and 11, respectively.
The residual state of shear was confirmed about the 10 cm
of shear displacement for all tested clay soils; however,
continuous shearing was performed upon the shear dis-
placement of 15 cm for the further confirmation of the
residual strength of soil. It was confirmed that there was



Innovative Infrastructure Solutions (2022) 7:36

Page7of 16 36

Fig.5 Grain size distribution
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not any change in residual state of shear after the shear dis-
placement of 10 cm (Figs. 8, 9, 10, and 11). The ring shear
test results indicated that the peak strength and the residual
shear strength of the Clay soil-I were the highest and fol-
lowed by the Clay soil-II, the Clay soil-III, and the Clay
soil-IV (Figs. 8, 9, 10, and 11). For example, at the shear
rate of 0.073 mm/min, the peak strength and the residual
strength of the Clay soil-I were noted 53.45 kN/m? and
48.13 kN/m?, respectively. Similarly, the peak strength
and the residual strength of the Clay soil-11, the Clay soil-
I11, and the Clay soil-IV were recorded 51.10 kN/m? and
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44.87 kN/m?, 43.70 kN/m? and 24.88 kN/m?, and then
40.55 kN/m? and 8.88 kN/m?, respectively. In the case of
the shear rates of 0.162 to 0.586 mm/min, the test results
of the shear stress versus the shear displacement and the
volumetric strain versus the shear displacement of the Clay
soil-I followed the similar pattern as the results obtained
at a shear rate of 0.073 mm/min (Fig. 8). Similarly, the
similar patterns of the stress—strain curves were observed
in the shear rate of 0.162 to 0.586 mm/min in the cases
of the Clay soil-1I, the Clay soil-11I, and the Clay soil-IV,
respectively (Figs. 9, 10, and 11). It was observed that
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Fig.7 Overall experimental
flow of shear rate test
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the Clay soil-I was the strongest and the Clay soil-1V was
the weakest. The Clay soil-IV showed the high plastic-
ity in its soil’s nature, and the Clay soil-III and the Clay
soil-IT showed the medium plasticity in their soil’s nature.
Similarly, the Clay soil-I showed the low plasticity in its
soil’s nature.

Summary of the various shear rate tests of the Clay soil-
I, the Clay soil-II, the Clay soil-III, and the Clay soil-IV
is presented in Tables 2, 3, 4, and 5. In this table, D and
a; represent the shear rate and the effective normal stress,
respectively. Similarly, z,, /o, Ar, Af,, and AH/Hc are
the residual shear strength, the shear-normal stress ratio at
residual state, change in residual strength, change in residual
friction angle, and the volumetric strain during the shear,
respectively.

Shear behavior

The residual shear strengths of the Clay soil-I were found to
vary from 48.13kN/m? to 49.24kN/m? with the shear rates
of 0.073 to 0.586 mm/min (Table 2). The residual shear
strengths of the Clay soil-II, the Clay soil-III, and the Clay
soil-IV were found to vary in a range of 44.87 to 46.05 kN/
m?, 24.88 to 26.94 kN/m?, and 8.88 kN/m? to 11.85 kN/m?
for shear rates of 0.073 to 0.586 mm/min (Tables 3, 4, and 5).
In the case of the Clay soil-I, the same values of the residual
strength (i.e., 48.13 kN/m?) were recorded for the shear rates
of 0.073 mm/min and 0.162 mm/min. The same value of the
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volumetric strain (i.e., 1.4%) was also obtained with that
shear rate of 0.073 mm/min and 0.162 mm/min (Table 2).
Similarly, the same value of the residual shear strength
and the volumetric strain was found in the shear rates of
0.073 mm/min and 0.0162 mm/min in the cases of the Clay
soil-1II, the Clay soil-III, and the Clay soil-IV (Tables 3, 4,
and 5). In this study, the residual shear strengths (z,) for all
tested samples were found to remain almost the same for the
shear rate range of 0.073 mm/min and 0.162 mm/min (i.e.,
neutral rate effect) as shown in Tables 2, 3, 4, and 5. This
may lead to understand that a clay material exhibits only
negligible effect of slower shear rate on the residual shear
resistance. Skempton [33] concluded that the effect of shear
rates between 0.002 and 0.1 mm/min on residual strength
was negligible in clay soils. A neutral rate effect occurs in
the silica sand sample [27]. A neutral rate effect occurs in
the slow shear rates on kaolin clay and landslide soils hav-
ing weak clay minerals [1, 2, 7, 11]. Scaringi and Di Maio
[32] reported that a neutral rate effect has been confirmed on
kaolin, bentonite, and their mixtures with sand in the range
of 10°~107! mm/min. The neutral rate effect is the excep-
tion for the soil undergo shearing [32]. The negligible shear
rate effect was observed in dry specimen and on the sand-
sized granules; however, strong rate-dependent behavior was
observed on gravel-sized mudstones [32]. The findings in
this study have been confirmed the conclusions made by
the Skempton’s [33], Saito et al. [27], Bhat et al. [1, 2], and
[11], Scaringi and Di Maio [32].
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Fig.8 Typical results of shear 60

rate tests of Clay soil-I
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The residual shear strengths of the Clay soil-I were varied
in a range of 48.13 to 49.24 kN/m? with shear rates ranging
from 0.162 to 0.586 mm/min (Table 2). The residual shear
strength of the Clay soil-II, the Clay soil-III, and the Clay
soil-IV was found to vary in a range of 44.87 to 46.05 kN/
m?, 24.88 to 26.94 kN/m?, and 8.88 to 11.85 kN/m? for the
shear rates of 0.162-0.586 mm/min (Tables 3, 4, and 5).
The difference between the residual shear strength at the
maximum shear rate of 0.586 mm/min and the minimum
shear rate of 0.162 mm/min was recorded 1.11 kN/m?,
1.18 kN/m?, 2.06 kN/m?, and 2.97 kN/m? in the cases of the
Clay soil-1, the Clay soil-1I, Clay soil-III, and Clay soil-1V,
respectively (Tables 2, 3, 4, and 5). Therefore, the shear
strength of clay soils was a slight increase from its residual
shear strength with the increase in the shear rates (i.e., posi-
tive rate effect). The shear rate leads to a small increase in
the residual strength of clay soils [21]. The residual strength
of clay soils from the slip surface of the reactivated land-
slides was hardly increased with increasing shear rate [42].
Suzuki et al. [24] concluded that the residual strength of

Clay soil-I and mud stone was positively influenced by the
shear rate of 0.02 to 2.0 mm/min. The residual shear strength
of clay soils is slightly increased with the increase in slow
shear rates [1, 2, 7, 11]. The soils containing a higher portion
of platy-shaped clay minerals show a positive rate effect [32,
35]. This conclusion made in this study has been agreed with
the finding of La Gutta [21], Lemos et al. [23], Yatabe et al.
[42], Suzuki et al. [34], Bhat et al. [1, 2, 7] and [11], Tika
et al. [35], Scaringi and Di mario [32].

Lemos et al. [23] reported that the residual strength
of high-plasticity soils increases and decreases for low-
plasticity soils with the increase in shear rate. Non-plastic
soils show the negative rate effect, and plastic soils show
the positive rate effect [28]. The value of the increase in
shear strength from its residual state of shear due to the slow
shear rates was found to be higher in high-plasticity soils
as compared with low-plasticity soils. From the series of
test results, the increased in shear strength was observed
to be the highest in the Clay soil-IV (i.e., high-plasticity
soil), followed by the Clay soil-III and the Clay soil-II (i.e.,
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Fig.9 Typical results of shear
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medium-plasticity soil), and then Clay soil-I (i.e., low-plas-
ticity soil). Hence, it can be concluded that the effect of the
shear rates on the residual strength is noticeable for the high-
plasticity soils when compared to the low-plasticity soils.
From this, it is understood that the effect of shear rates on
residual strength will be slightly greater in high-plasticity
soils when compared to the low-plasticity soils at the slow
share rate of 0.162—-0.586 mm/min. These results are agreed
with the conclusion made by Skempton [33], Lemos et al.
[23], Parathirasv [26], Habibbeygi and Nikraz [16], Lian
et al. [22].

Relation between residual friction coefficient (t,/0",)
and shear rate (D)

The residual friction coefficient (z,/c!) of Clay soil-I was
found to vary from 0.491 to 0.502 in a range of shear rate
of 0.073 to 0.586 mm/min (Table 2). Similarly, the residual
friction coefficient of the Clay soil-II, the Clay soil-III, the
Clay soil-IV was found to vary in a range of 0.457 to 0.469,

@ Springer

0.254 to 0.275, and 0.091 to 0.121 with the shear rate of
0.073 mm/min to 0.586 mm/min, respectively (Tables 3,
4, and 5). The relation between residual friction coefficient
(r/o”,) and shear rate (D) of the tested clay soils is presented
in Fig. 12.

In the case of the Clay soil-1, the same residual friction
coefficient (i.e., 0.491) was found with the shear rates of
0.073 mm/min and 0.162 mm/min (Table 2). Similarly, the
value of the residual friction coefficient of the Clay soil-II,
the Clay soil-III, the Clay soil-IV was observed to be 0.457,
0.254, and 0.091 for the shear rates of 0.073 mm/min and
0.162 mm/min, respectively (Tables 3, 4, and 5). Based on
those results, it was understood that the residual friction
coefficient of clay soils has not affected by the shear rate up
to 0.162 mm/min.

When the shear rates were varied in a range of 0.162
to 0.586 mm/min, the residual friction coefficients of the
tested clay soils were found to be affected. The residual
friction coefficients of the Clay soil-I, the Clay soil-II,
the Clay soil-1III, and the Clay soil-IV were found to vary
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Fig. 10 Typical results of shear 50
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in a range of 0.491° to 0.502°, 0.457° to 0.469°, 0.254°
to 0.275°, and 0.091° to 0.121° with a variation of shear
rates from 0.162 mm/min to 0.586 mm/min, respectively.
The value of increase in residual friction coefficient for
the Clay soil-I, the Clay soil-II, the Clay soil-1II, and the
Clay soil-IV was found to be 0.011°, 0.012°, 0.021°, and
0.030°, respectively. Therefore, the residual friction coef-
ficient of clay soil is a slight increase when the shear rate
is also increased. Gibo et al. [14] stated that the difference
in the residual friction coefficient of each sample depends
on the shear rate, which is related to the difference in the
development/formation of particle reorientation along the
shear surface. Lupini [24] reported that the residual fric-
tion coefficient increased continuously with the increase in
the slow shear rates in the ring shear tests. The results thus
obtained in this study are also in close agreements with
the finding of Lupini [24]. However, Scaringi et al. [30]
reported that the friction coefficient generally decreased
with the shear rates of less than or equal to 3 mm/min
and increased under high shear rates. The residual friction

coefficient was significantly decreased with the increase in
shear rates in different steps [17].

Shear rate effect mechanism

The three modes of shearing in soil (i.e., turbulent, transi-
tional, and sliding) were first hypothesized by Lupini et al.
[24]. The possible change from sliding to turbulent mode
was discussed based on the scanning electron microscope
(SEM) techniques [27, 28, 41]. Scaringi et al. [30] reported
that the persistence of a polished, slickensided, and regular
surface after fast shearing appears to exclude a transition
toward turbulent shearing even at low normal stress due to
the presence of high-clay fractions. For the shearing rate
typically lower than 10 mm/min in usual testing configura-
tions, the turbulent shearing may be excluded [31]. Scar-
ingi et al. [30] also suggested that the transition from rate-
strengthening to rate-weakening behavior in both clay-rich
and carbonate-rich materials in the rapid-to-very-rapid rate
range. A transition from a high-friction regime at a high
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Fig. 11 Typical results of shear 50
rate tests of the Clay soil-IV
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Table 2 Summary of shear rate tests of the Clay soil-I

Test no. [)(mm/min) o/ (kN/m?) 7, (kN/m?) ©lo! Az, (kKN/m?) AP, (degree) AH/H, (%) Rate effect
1-1 0.073 98.1 48.13 0.491 0.00 0.00 —1.42 Neutral
1-2 0.162 98.1 48.13 0.491 0.00 0.00 —1.45 Neutral
1-3 0.233 98.1 48.56 0.495 0.42 0.20 —1.42 Positive
1-4 0.313 98.1 48.94 0.499 0.80 0.38 -1.35 Positive
1-5 0.398 98.1 49.05 0.500 0.91 0.43 —-1.30 Positive
1-6 0.586 98.1 49.24 0.502 1.11 0.52 —1.38 Positive

Table 3 Summary of shear rate tests of the Clay soil-II

Test no. D (mm/min) o’ (kN/m®) 7, (kN/m?) /o’ A, (KN/m?) Ao, (degree) AHIH, (%) Rate effect
1-1 0.073 98.1 44.87 0.457 0.00 0.00 -231 Neutral
1-2 0.162 98.1 44.87 0.457 0.00 0.00 -231 Neutral
1-3 0.233 98.1 44.95 0.458 0.08 0.04 —240 Positive
1-4 0.313 98.1 4525 0.461 0.38 0.18 -224 Positive
1-5 0.398 98.1 45.65 0.465 0.78 0.38 -220 Positive
1-6 0.586 98.1 46.05 0.469 1.18 0.57 -222 Positive
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Table 4 Summary of shear rate tests of the Clay soil-III

Test no. D (mm/min) o’ (kN/m?) 7, (kN/m?) /o’ A, (KN/m?) Ao, (degree) AHIH, (%) Rate effect
1-1 0.073 98.1 24.88 0.254 0.00 0.00 -5.81 Neutral
1-2 0.162 98.1 24.88 0.254 0.00 0.00 -5.77 Neutral
1-3 0.233 98.1 24.96 0.254 0.08 0.04 —-5.52 Positive
1-4 0.313 98.1 25.30 0.258 0.42 0.23 —-5.41 Positive
1-5 0.398 98.1 26.05 0.266 1.17 0.64 -5.53 Positive
1-6 0.586 98.1 26.94 0.275 2.06 1.12 -5.52 Positive
Table 5 Summary of shear rate tests of the Clay soil-IV
Test no. (mm/min) o! (kN/m?%) 7, (kN/m?) t/o! Ar, (kN/m?) A, (degree) AHIH, (%) Rate effect
1-1 0.073 98.1 8.88 0.091 0.00 0.00 -9.382 Neutral
1-2 0.162 98.1 8.88 0.090 0.00 0.00 —-9.517 Neutral
1-3 0.233 98.1 9.35 0.095 0.47 0.27 -9.821 Positive
1-4 0.313 98.1 9.78 0.100 0.90 0.52 —-9.620 Positive
1-5 0.398 98.1 10.71 0.109 1.83 1.06 —9.241 Positive
1-6 0.586 98.1 11.85 0.121 297 1.72 —9.205 Positive
Fig. 12 Relation between 0.8
residual friction coefficient ® Clay soil-I
(z/o!) and shear rate (D) ® Clay soil-I
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displacement rate was observed for saturated gravel-sized
granules [19]. In addition, the translation occurred either
the rate progressively increased or decreased for shear rate
of 0.2-5 mm/s [19].

Shear rate effect mechanism on the residual shear strength
of clay soils is not yet fully understood. However, there are
two major hypotheses related to shear rate effect mechanisms
in most of the studies [1, 2, 11, 19, 28, 33, 35, 41]. The first
one is about the generation of excess pore water pressure due
to an increase shear rate, which leads to a reduced effective
normal stress and decreased shear resistance. Matsui et al.
[25] stated that the generated pore water pressure depends on
the strain rate; therefore, the change in pore water pressure

Shear rate (mm/min)

in the residual strength may depend on shear rates. However,
all ring shear tests were conducted in fully drained condi-
tions in this study. Moreover, it has been assumed that there
is no volumetric change during shear at the residual state of
shear, which means that the generation of chances of excess
pore water pressure during test was negligible. However,
the results show that the change in volumetric strain for the
Clay soil-I, the Clay soil-II, the Clay soil-III, and the Clay
soil-I'V was found to be in a small range of 1.420 to 1.382%,
2.308 to 2.221%, 5.808 to 5.521%, and 9.517 to 9.205%,
respectively, in a shear rate ranging from 0.233 to 0.586 mm/
min. If there was an effect of the generation of excess pore
water pressure (i.e., change in volumetric strain), the residual
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shear strength should be decreased. Therefore, the trend of
increase in residual shear strength with the increase in shear
rates indicates that the increase in strength on clay soils from
its residual state of shear was not because of the excess pore
water pressure generation along the shear surface. Wang
et al. [41] have performed the ring shear tests on dry and
saturated landslide soil samples to understand the role of
pore water pressure during shear. The similar results were
obtained on the dry and saturated landslide soil samples at
a constant shear rate [41]. Such conclusions also supported
that the generation of excess porewater pressure was not
responsible for a slight increase in shear strength from the
residual state of shear with the increase in shear rates in the
ring shear test.

The second hypothesis is related to the change in shear
mode with the variation of the shear rates. During a slow
shear rate, shear grains of the shear surface will align paral-
lel to the direction of shear and the shear mode is dominated
by inter-granular sliding. When the shearing rate increases,
grains within the shear zone will lose their alignment and
the shear mode is dominated by turbulent shearing, causing
increase in the shear strength [23]. Hu et al. [17] suggested
that a change in shear mode could possibly be the mecha-
nism leading to the rather sharp transition between the two
friction regimes and also relates to the fluid behavior of mud
in the shear zone. The change in shear mode may affect the
measurement of the residual friction angle of clay soil mate-
rials [27, 28, 34, 35]. Figure 13 shows the concept of shear
rate effect mechanism of typical clay soils, which was pre-
pared based on the experimental results of measured resid-
ual friction angles with shearing rates of 0.073 mm/min,
0.162 mm/min, 0.233 mm/min, 0.313 mm/min, 0.398 mm/
min, and 0.586 mm/min. In this study, the variation of the

Fig. 13 Shear rate effect mecha- 30.0

residual friction angles of the Clay soil-I, the Clay soil-II,
the Clay soil-III, and the Clay soil-IV was found to be in a
range of 26.21°-26.65°, 24.57°-25.15°, 14.24°-15.36°, and
5.17°-6.89° with the variation of the shear rates, respec-
tively. The increase in the internal friction angles of 0.49°,
0.57°, 1.12°, and 1.72° from their residual friction angles
was found to increase at a shear rate of 0.233 mm/min,
0.313 mm/min, 0.398 mm/min, and 0.586 mm/min in the
cases of the Clay soil-I, the Clay soil-II, the Clay soil-I1I,
and the Clay soil-IV, respectively (Fig. 13). In general, clay
particles or soil grains are aligned in the shear direction
and the shear mode is dominated by inter-granular sliding.
However, if the shear rate is increased, the shear surface’s
soil grains will lose their alignment and an increase in the
frictional resistance between the soil particles. In addition,
the increase in roughness of the shearing surface could be
relevant with the increase in residual friction angle from its
residual state of shear during the increase in shear rates. In
other words, the increase in shearing surface's roughness and
the loss of the alignment of the shear surface's soil grains
due to high shear rates are responsible for the increase in
residual shear strength. Therefore, it can be concluded that
the change in shear mode can be considered as the primary
cause of the shear rate effect mechanism on residual strength
of clay soils. If the microstructure of the shear surface at
the end of tests could be observed by laser microscope and
scanning electron microscope (SEM) techniques, the rough-
ness of the shear surface due to the change in shear mode
could be observed more clearly. However, SEM technique
was not considered to observe the slickensides of the slip
surface formed with the variation of the shear rate at the end
of the ring shear test in this study. Moreover, it could be sug-
gested that a possible mechanism producing the transition
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from laminar to turbulent flow may also play the significant
role in changing the strength of soil with varying shear rates;
however, the microstructure study of shear zone’s soils in
different test conditions is necessary for further better under-
standing of shear rate effect mechanism in future.

Conclusions

Residual strength parameters of slip zone soil are the impor-
tant soil parameter for stability analysis and better under-
standing of the reactivation potential and progressive failure
mechanism of reactivated landslides. In this study, a series
of ring shear tests were performed on the four typical clay
soils (having high-to-low plasticity in its soil natures) to
understand the effect of shear rates on the residual strength
and the shear rate effect mechanisms on clay soils. The
shear rates in the ring shear tests were varied in a range of
0.073-0.586 mm/min. The neutral rate effect and positive
rate effect were noted in this study. The main findings were
summarized as follows:

1. The high-plasticity soil (Clay soil-IV) was found to have
the higher amount of the smectite clay minerals when
compared to other presence clay minerals in it. Simi-
larly, the medium-plasticity soils (Clay soil-III and Clay
soil-IT) were found to present the higher amount of the
chlorite and mica clay minerals, respectively.

2. The increase in strength from its residual state of shear
of typical clay soils was found to be negligible effect on
the shear rates of 0.073 mm/min and 0.162 mm/min (i.e.,
neutral rate effect).

3. Slightly increase in strength from its residual state of
shear of typical clay soils was observed at shear rates
of 0.233 mm/min, 0.313 mm/min, 0.398 mm/min, and
0.586 mm/min. (i.e., positive rate effect).

4. The increase in strength from its residual state of shear
was slightly higher in high-plasticity soils, with a large
difference between the peak strength and residual
strength, than in low-plasticity soils.

5. A change in shear mode along the shear surface may be
occurred during the change in shear rates. This change
in shear mode could be thought as the shear rate effect
mechanisms on the residual shear strength of typical
clay soils in ring shear test.
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