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Abstract

Cyclic degradation is a common phenomenon in the engineering practice of soil dynamics. In the literature, numerous earth-
quake-induced landslides occurred in slopes of naturally cemented soil or having a pre-existing shear surface. However, the
cyclic degradation of naturally cemented soil and soil containing bedding planes needs to be sufficiently clarified, especially
in the cyclic ring shear test. This study aims to elucidate the cyclic degradation of cemented soil and artificial bedding planes
that simulate the actual slip surfaces using consolidation-constant volume cyclic loading ring shear apparatus. Accordingly,
a small content of cement was added to kaolin clay to model the naturally cemented soil. The combined specimens of two
halves were employed to simulate the bedding planes. The cyclic ring shear tests were conducted on four types of samples,
including two normal samples (0% cement, 2% cement) and two combined samples (2% + 0% cement; 2% + 2% cement) under
various test conditions to investigate the effects of normal stress, shear-torque amplitude, and overconsolidation ratio (OCR)
on the cyclic degradation. The test results showed that the cyclic degradation parameter of all samples decreased with the
increase in normal stress from 98 to 294 kPa, shear-torque amplitude from 30 to 90 kPa, and OCR from 1 to 4. The research
results also indicated the significant role of cementation bonding in cyclic degradation behavior. Accordingly, the cyclic deg-
radation of 2% cement sample is highly sensitive to the increase in normal stress levels, shear-torque amplitudes, and OCR.
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Introduction

It is well known that under seismic loading, the stiffness
and strength of soils decrease, and the generation of cyclic
pore water pressure increases as the number of cycles ()
increases. The decrease in stiffness and strength with increas-
ing N is known as cyclic degradation. This phenomenon is
one of the most fundamental phenomena in the engineering
practice of soil dynamics. Under cyclic loading, the stiffness
and strength of saturated sandy soil can be completely lost,
called liquefaction. So far, the cyclic degradation and gen-
eration of excess pore water pressure in different soil types
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under cyclic loading have been widely investigated [1-10].
In general, these investigations were conducted on cyclic
triaxial, cyclic simple shear, or multi-directional cyclic sim-
ple shear apparatuses. The research results of these studies
have shown that the number of cycles, frequency, and cyclic
strain amplitude is the main factors affecting cyclic degrada-
tion and the build-up of pore water pressure. In addition, the
cyclic degradation and cyclic pore water pressure generation
during seismic loading significantly depend on the types of
soil and stress history (overconsolidation ratio, OCR). Typi-
cally, Mortezaie and Vucetic [2] investigated the effect of
frequency and normal stress on the cyclic degradation of
clay using cyclic simple shear apparatus (NGI). The research
results indicated that the degradation parameter, #, increased
as the frequency increased from 0.001 to 0.1 Hz, and the
normal stress increased from 216 to 680 kPa. Vucetic and
Dobry [8], Matasovic and Vucetic [10] examined the cyclic
degradation of different marine clays and VNP clay at OCR
from 1 to 4 using the cyclic triaxial test. They reported that
the cyclic degradation parameter of studied clays decreased
with the increase in OCR from 1 to 4.
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As recorded, earthquake-induced slope failures and
landslides in naturally cemented clays occur frequently in
many parts of the world. In particular, the natural slopes
which contain a pre-existing shear surface (rupture, bed-
ding plane, interface) are susceptible to failure, especially
under earthquake loading [11-16]. Thus, the effect of earth-
quake-induced loading on the shear strength of cemented
soil and shear strength mobilized along the bedding plane
of naturally cemented soil slopes needs to be clarified. The
cyclic degradation of naturally cemented soil has been exam-
ined using the cyclic triaxial test by some authors [17-19].
However, the cyclic degradation of cemented soil in natural
slopes has rarely been evaluated. Additionally, the inves-
tigation of cyclic degradation of cemented soil using ring
shear test has not been conducted yet. Suzuki et al. [20]
investigated the shear behavior of cemented sand under
seismic loading in ring shear apparatus, but no information
about cyclic degradation was reported. As mentioned above,
the cyclic degradation of different types of soil has been
investigated. Nevertheless, the cyclic degradation was only
evaluated based on cyclic triaxial test and NGI cyclic sim-
ple shear test. Therefore, the responses of cemented clays
and soil containing a pre-existing shear surface subjected to
earthquake-induced dynamic loading need to be conducted,
especially in cyclic ring shear tests.

This study introduced a cyclic ring shear apparatus to
investigate the cyclic strength degradation of non-cemented

Fig.1 Schematic diagram
illustrating the phenomenon of

and cemented kaolin clay. Laboratory-simulated cementa-
tion was artificially reproduced by adding a cementing agent
to kaolin clay. A series of cyclic ring shear tests were per-
formed on reconstituted non-cemented and cemented kao-
lin clay specimens. Besides, the cyclic ring shear test was
conducted on samples which are consisted of two halves to
simulate the pre-existing shear surface in the soil layer. The
cyclic experiments were conducted under different condi-
tions to investigate the effect of parameters such as normal
stress, shear-torque amplitude, and stress history (OCR) on
the cyclic degradation mechanism.

Cyclic degradation index

When soils are subjected to cyclic loading in undrained con-
ditions, their stiffness and strength decrease, accompanied
by pore water pressure changes with the number of cycles.
This decrease phenomenon of stiffness and strength is
defined as cyclic degradation and is expressed in Fig. 1. For
evaluation of cyclic degradation, the degradation index, ¢,
and degradation parameter, 7, were first introduced by Idriss
etal. [21]. In cyclic shearing, the secant shear modulus, Gy
is defined as follows:
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7en: cyclic shear strain amplitude in the Nth cycle.

7,y: the average of cyclic shear resistance in the Nth cycle.

In the cyclic strain-controlled mode, the degradation
index can be expressed as follows:

G, Tn/Ye T,
f= 2N v/ _ TN @
Gsl Te1 / Ve Te1

In the cyclic stress-controlled mode, the cyclic degrada-
tion with N can be defined with the degradation index, ¢,

which is the same as { [2].
C* — [ — Ten/Yen — Ya _ ﬁ:;)
Gy Ten/7e1 YeN Oen
o: shear displacement is defined as an intermediate circu-

lar art between the inner and outer rings.

d.;» Oy: shear displacement at cycles 1 and N.

d.; =0,y in the first cycle of the shearing process.

The relationship between ¢ and N in a log-log scale
(Fig. 1d) for many clays is approximately a straight line. The
slope of this line is the degradation parameter, ¢, under the
applied constant shear-torque 7,.. The degradation parameter,
t, is determined as follows:

log {*
log N

“

The degradation parameter, ¢, is one of the essential
parameters to access the cyclic degradation in the process
of the continuously increasing number of cycles, N. This
parameter has been extensively used in previous research
to evaluate the cyclic degradation of many clays [2, 7, 10,
18, 19].

Material and method
Test apparatus

In this study, a consolidation-constant volume cyclic loading
ring shear test apparatus was used to investigate the cyclic
degradation. Figure 2 shows the test apparatus, which is
almost similar to the Bishop-type apparatus [22]. The cyclic
ring shear apparatus includes a pneumatic servo controller,
two bellofram cylinder, data logger, and a computer for data
recording. This apparatus uses ring-shaped specimens which
has an inner diameter of 4.2 cm, an outer diameter of 7 cm,
and a wall thickness of 2 cm. The maximum shear speed in
the center of the sample is 10 cm s~!, maximum frequency
of cyclic loading is 5 Hz. The specimen is sheared by rotat-
ing the lower half of the shear box in both directions, while

L - [
w Bellofram cyclinderfl ||

onstant volume]
control device

Fig.2 Cyclic ring shear apparatus

Table 1 Some physical properties of kaolin and cemented kaolin clay
[25]

Sample Index Value
Kaolin Liquid limit (%) 62
Plasticity index 21.8
Clay fraction (<2 pm) (%) 353
Kaolin Specific gravity (g cm™) 2.618
2% cemented kaolin 2.620

clay

the upper half of the shear box is restrained by two resistance
transducers, from which shear resistance is measured. Dur-
ing shearing, the shear stress, normal stress, and horizontal
and vertical displacement were all measured and automati-
cally recorded. However, the generation of pore water pres-
sure during shearing is not measured in this apparatus. Thus,
the samples will be sheared under the drained condition.

Specimen preparation

In this study, commercial common kaolin clay in the form
of powder was used to ensure purity and uniformity. Some
physical properties of the sample are given in Table 1. To
create weakly cemented soil, a small content of OPC cement
(2% cement) was used for preparing artificial cementation
[23]. The specimen used in the cyclic ring shear appara-
tus has an outer diameter of 7 cm, an inner diameter of
4.2 cm, and a height of 2 cm. Two types of specimens were
employed to investigate the cyclic degradation of weakly
cemented soil and soil containing the bedding plane, includ-
ing normal and combined specimens. The combined speci-
men is comprised of 2 halves with 1 cm in height for each
half. This study used four types of specimens, including
two normal specimens (pure kaolin, 2% cement) and two
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Fig.3 Normal and combined specimens showing the bedding plane used in this study
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Fig.4 Consolidation tank for sample preparation [27]

combined specimens (2% + 0% cement, 2% + 2% cement),
as shown in Fig. 3.

In this study, a pre-consolidation method was used to cre-
ate the sample for the cyclic ring shear test. This method
for sample preparation has been conducted and reported
in previous studies [24-27]. Accordingly, the dry pow-
der kaolin was mixed with distilled water in the form of
a slurry with a water content of about 1.5 times its liquid
limit. For cemented samples, 2% cement was added to the
slurry of kaolin. The sample in the form of the slurry was

then poured into a large consolidation tank (Fig. 4). The
air bubbles inside the slurry were released by applying a
vacuum pressure of about 70 kPa for 1 h. The slurry was
then preconsolidated under the desired pressures until the
primary consolidation stage was finished. The samples, after
pre-consolidation, were cut and trimmed to produce the ring-
shaped specimens with the size mentioned above.

Test procedure

The testing parameters for cyclic ring shear are listed in
Table 2. The ring-shaped specimens, after preparation, were
placed in the ring shear box and re-consolidated under dif-
ferent normal stress levels of 98 kPa, 196 kPa, 294 kPa, and
392 kPa before testing. After consolidation, a reversal shear
stress with a shear-torque amplitude of 30, 60, and 90 kPa
and a loading frequency of 0.5 Hz was applied. After each
test, the ratio of the maximum cyclic shear resistance to the
normal stress (z.y/oy,) Was measured at the last cycle of
loading to compare the obtained results for different speci-
mens. To maintain a constant volume condition of the speci-
men, the normal stress was gradually reduced during testing.
As reported by Suzuki et al. [20], the cyclic failure of the
specimen occurred when the shear displacement reached
around 2 mm.

Table 2 Testing conditions for

. Sample Testing parameters
cyclic ring shear
OCR Normal stress (kPa) Shear-torque ampli-  Frequency
tude (kPa) (Hz)
0% cement 1,2,3,4 98, 196, 294, 392 30, 60, 90 0.5
2% cement 1,2,3,4 98, 196, 294, 392 30, 60, 90 0.5
2% +0% cement 1 98, 196, 294 30, 60, 90 0.5
2% +2% cement 1 98, 196, 294 30, 60, 90 0.5
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Test results and discussions
Test results

In this study, a total of 26 cyclic ring shear tests were
conducted. Typical results of cyclic loading behavior are
presented in Fig. 5. This figure presents the typical results
of cyclic loading behavior, depicting time series data of
normal stress, shear stress, and shear displacement. The
results of all the cyclic ring shear tests are summarized in
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Table 3. Table 3 also presents the test data for 0% cement
and 2% cement samples, which were consolidated at dif-
ferent OCR values. In this table, the value of the degrada-
tion parameter, ¢, was calculated at the cycle of 20 (¢,,). In
the cyclic ring shear test, it was assumed that the failure
of the sample occurred at the shear displacement, 6, of
2 mm [20].
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Fig.5 Typical test data on 0%, 2%, 2%+ 0%, and 2%+ 2% cemented kaolin specimens: f=0.5 Hz; shear-torque amplitude=60 kPa; normal

stress = 196 kPa

@ Springer



245 Page 6 of 12 Innovative Infrastructure Solutions (2023) 8:245
Table 3 Test results of cyclic ring shear test
Sample No. Test o, (kPa) oy (kPa) OCR Shear-torque 7; (at (teplOnG) Degradation
amplitude (kPa) 5=2 mm) parameter, ¢ (at
(kPa) N=20)

0% cement 1 98 98 1.0 30 17.0 0.174 0.522
2 98 98 1.0 60 114 0.116 0.441
3 98 98 1.0 90 14.2 0.145 0.462
4 196 196 1.0 60 22.7 0.116 0.376
5 294 294 1.0 60 28.4 0.097 0.304
6 196 98 2.0 90 12.8 0.130 0.427
7 294 98 3.0 90 15.6 0.159 0414
8 392 98 4.0 90 19.9 0.203 0.343

2% cement 1 98 98 1.0 30 17.0 0.174 0.815
2 98 98 1.0 60 17.0 0.174 0.440
3 98 98 1.0 90 14.2 0.145 0.456
4 196 196 1.0 60 21.3 0.109 0.351
5 294 294 1.0 60 31.2 0.106 0.180
6 196 98 2.0 90 21.3 0.217 0.417
7 294 98 3.0 90 24.1 0.246 0.401
8 392 98 4.0 90 31.2 0.319 0.189

2%+ 0%cement 1 98 98 1.0 30 12.8 0.130 0.506
2 98 98 1.0 60 15.6 0.159 0.454
3 98 98 1.0 90 17.0 0.174 0.381
4 196 196 1.0 60 15.6 0.080 0.429
5 294 294 1.0 60 21.3 0.072 0.400

2%+ 2% cement 1 98 98 1.0 30 18.5 0.188 0.617
2 98 98 1.0 60 21.3 0.217 0.504
3 98 98 1.0 90 21.3 0.217 0.427
4 196 196 1.0 60 27.0 0.138 0.388
5 294 294 1.0 60 29.8 0.101 0.324

* .. Consolidation pressure (kPa); o: Normal stress (kPa); OCR: Overconsolidation ratio

Effect of normal stress on the cyclic degradation
*Effect of normal stress on the normalized cyclic stress ratio

In this study, the normalized cyclic stress ratio (NCSR) is
defined as the ratio of maximum shear resistance at each
cycle (t.y) to the initial effective normal stress (oy,). Fig-
ure 6 shows the normalized cyclic stress ratio (T /oxg)
versus the number of cycles under the different normal
stress levels. It can be seen from this Figure that the T /oy
increases with the decrease in the number of cycles (N) at a
constant vertical consolidation value under a shear displace-
ment of 2 mm. Conversely, the NCSR of pure kaolin (0%
cement) seems not to be influenced by increasing normal
stress, which demonstrates an approximately straight line as
the number of cycles increases. The 7,y/0), and Ny curve for
2% and 2% + 2% cemented specimens was almost approxi-
mately similar and higher than that for other samples. This
indicates that the effect of cementation on the cyclic stress
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ratio is identified and remained to a certain degree, even in
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cyclic stress ratio is due to the addition of cement into the
kaolin clay, which increases the hardness and bonding inside
the specimen that influences on cyclic behavior of cemented
kaolin. As the number of cycles increases approximately
beyond 100, 7z /oy, of 0%, 2%, and 2% +2% seem to be
identical. This trend may be due to the complete damage
of cementation by increasing a great number of cycles, by
which the behavior of cemented specimens is like that of
non-cemented specimens.

In Table 2, 7is the cyclic shear resistance at the shear dis-
placement of 2 mm. The relationship between z/oy and nor-
mal stress is plotted in Fig. 7. As shown, the 7/o,, decreases
as the normal stress increases from 98 to 294 kPa. Similarly,
in the static ring shear test, the ratio of shear stress to nor-
mal stress was observed to be decreased with the increase
in normal stress [22, 28, 29]. Specifically, when the normal
stress increases from 98 to 294 kPa, the normalized cyclic
stress ratio (NCSR) is decreased by 16.4%, 39.1%, 54.7%,
and 53.4% for 0%, 2%, 0% + 2%, and 2% + 2% cemented kao-
lin specimens, respectively. It can be seen that the decrease
in NCSR for two combined specimens (0% +2% cement
and 2% + 2% cement) is almost similar. This is due to the
existence of bedding planes inside the specimen. In con-
trast, with the increase in normal stress from 98 to 294 kPa,
the decrease in NCSR for 2% cemented kaolin specimen
is over two times higher than that for the pure kaolin (0%
cement) specimen. This phenomenon can be attributed to
the failure of cementation in 2% cemented specimens. The
cementation bonding will enhance the strength of 2% cement
sample. However, the cementation bonding can be broken
under high-normal stress, resulting in a decrease in shear
resistance and NCSR.

*Effect of normal stress on the degradation parameter, t

To investigate the effect of normal stress on cyclic degrada-
tion, the cyclic ring shear tests were conducted under dif-
ferent normal stress levels with a shear-torque amplitude
of 60 kPa and a frequency of 0.5 Hz. The influence of oy,

0.25
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Fig.7 Relationship between the ratio of 7/oy, and normal stress

on the cyclic degradation is plotted in Fig. 8 for all speci-
mens conducted under different normal stress levels. It can
be seen that for all specimens at all normal stress levels, the
degradation index, ¢*, decreases with the increasing num-
ber of cycles. However, for 0% cement and 2% + 0% cement
samples, the tendency of decreasing of degradation index,
¢*, with the number of cycles under different normal stress
levels is almost identical, especially for 2% + 0% cement
samples. By contrast, for 2% cement and 2% + 2% cement
samples, the relationship between the degradation index, ¢*,
and the number of cycles under different normal stress levels
are significantly different, especially for 2% cement sample.
This indicates that the effect of normal stress on the degrada-
tion index of the sample with cementation is higher than that
of the sample without cementation.

The relationship between the degradation parameter,
t, at N=20 cycles (t,,) and normal stress is presented in
Fig. 9. It can be seen that for all samples, the degradation
parameter decreases as the normal stress increases from
98 to 294 kPa. This result is well consistent with the result
of previous studies [1, 2, 5, 7]. Particularly, Mortezaie [1],
Mortezaie and Vucetic [2] showed that in the NGI simple
shear apparatus, the cyclic degradation of kaolinite clay
was decreased by 20-38% with the increase in effective
normal stress from 216 to 680 kPa. The results in Table 3
reveal that when o increases from 98 to 294 kPa (3 times),
the parameter, ¢, decreases by 31.1%, 59.1%, 11.9%, and
35.7% for 0%, 2%, 2% + 0%, and 2% + 2% cement samples,
respectively. It can be seen that in this study, the decrease
in cyclic degradation of kaolin clay with the increasing
of normal stress is within the range of cyclic degrada-
tion decrease as reported by Mortezaie [1], Mortezaie and
Vucetic [2]. The results of the present study also show
that the value ¢ of 2% cement sample is approximately two
times higher than that of 0% cement sample. This tendency
is similar to the tendency observed for NCSR mentioned
above. This can be attributed to the cementation exist-
ing in 2% cement sample. In the 2% cement sample, the
cementation bonding can be broken under the high vertical
normal stress and leading to an increase in cyclic degrada-
tion. For 2% + 0% cement sample, the effect of increasing
vertical compression on the parameter ¢ is identified not to
be significant. This low cyclic degradation may result from
a pre-existing shear surface inside the combined speci-
men. The 2% + 0% cement combined specimen consists
of two halves with different degrees of hardening, and the
bond between 0 and 2% is not significant. Furthermore, the
reorientation of clay particles in the shearing direction of
combined specimens was well developed than that of the
normal cemented specimens. Therefore, the degradation
of 2% + 0% combined specimen was lower than that of
the other specimens. Although the 2% + 2% cement also
has a pre-existing surface, the value ¢ decreases nearly the
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same with 0% cement sample because the bond is avail-
able on two halves of cemented specimens. It is suggested
that cohesion remains significant on the bedding plane.
Both trends observed for 2% and 2% + 2% cement samples
indicate that cementation has a significant effect on cyclic
degradation.

@ Springer

Effect of the shear-torque amplitude on the cyclic
degradation

In this study, the cyclic shear responses are evaluated at dif-
ferent shear-torque amplitudes at the same cyclic loading
frequency of 0.5 Hz. A series of cyclic ring shear tests were
conducted under different shear-torque amplitudes (Table 3).
The constant normal stress of 98 kPa was adopted through
this test series. To analyze the results of the effect of differ-
ent shear-torque amplitude on the cyclic degradation, the
ratio of applied shear-torque to the initial normal stress,
CSR =170y, was used in this section. The relationship
between the degradation index and the number of cycles
at different CSR values is plotted in Fig. 10. It can be seen
that for all the specimens, the degradation index nearly lin-
early decreases with an increase in the number of cycles (V).
This tendency is similar to that observed in Matasovic and
Vucetic [10]. A detailed comparison of the effect of CSR
on the degradation parameter, ¢, for all types of specimen,
is presented in Fig. 11. In this figure, the cyclic degradation
at the cycle of 20 (t,,) is evaluated. As shown in Fig. 11,
the cyclic degradation parameter tends to decrease as the
CSR values increase. In which, the degradation parameter
for 2% cemented kaolin is seen to be decreased the most in
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comparison with the other specimens. On the other hand, the
decreasing trend of the two combined specimens (2% + 0%
cement; 2% +2% cement) appears to be the same. As the
CSR approximately increases from 0.3 to 0.9, the param-
eter t decreases by 11.5%, 44.0%, 24.7%, and 30.8% for 0%,
2%, 2% + 0%, and 2% + 2% cement samples, respectively.

The highest decrease level of parameter 7 is observed for 2%
cement sample. As mentioned above, the cementation bond-
ing inside cemented sample can be broken under high verti-
cal normal stress. Thus, the addition of 2% cement content
to kaolin is thought to be the main reason for the significant
decrease in parameter ¢ for 2% cement sample.

Effect of overconsolidation ratio on the cyclic
degradation

The results of the evaluation of the degradation parameter ¢
for two types of specimens with OCR from 1 to 4 are illus-
trated in Fig. 12. In general, the cyclic degradation decreases
with increasing the number of cycles at all OCR values. In
Fig. 12b, at OCR =4, the relationship between the number
of cycles and the degradation index of 2% cemented kao-
lin specimen seems to be an apparent curve. The reduction
levels of parameter ¢ at 20 cycles (,,) under different OCRs
for 0 and 2% cement samples are compared and shown in
Fig. 13. It can be seen that as the OCR increases, the cyclic
degradation tends to decrease. The data in Table 3 show that
when the OCR values increase from 1 to 4, the degradation
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Fig. 12 Relationship between cyclic degradation index, 5", and number of cycles, N, at different OCR values

parameter ¢ decreases by 25.7% and 58.5% for 0% and 2%
cemented kaolin, respectively. The decrease in parameter
t for 2% cement sample is over two times higher than that
for pure kaolin (0% cement). Some previous studies also
indicated that soil with a high OCR would exhibit a low
cyclic degradation [7-9]. Typically, Vucetic and Dobry [8]
concluded that when OCR is increased from 1 to 4 for clay
having plasticity index (PI) between 25 and 55, the degra-
dation parameter t may decrease by 35-40%. Additionally,
the research result of Zhou and Gong [9] showed that the
cyclic degradation of clay decreased with the increase in
OCR from 1 to 4. In this study, it is noted that when the OCR
increases from 1 to 3, the cyclic degradation for the two
types of samples is almost identical and slightly decreases.
Nevertheless, the cyclic degradation significantly decreases
as the OCR increases from 3 to 4, especially for 2% cement
sample. At OCR =4, the parameter 120 for 2% cement sam-
ple is significantly lower than that for 0% cement sample
(pure kaolin). This phenomenon is most likely because the
cementation bond forms due to the addition of 2% cement
content into kaolin clay. According to Hanzawa and Adachi
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=1
.2
S 02 i
<
S
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Over-consolidation ratio

Fig. 13 Effect of OCR on degradation parameter, t,,, for 0% and 2%
cemented kaolin specimens

@ Springer

[30], the overconsolidated state of soil can be formed and
increased due to chemical bonding (cementation). Thus,
under the high OCR of 4 and the existence of cementation
bonding, the OCR and stiffness of 2% cement sample can be
further enhanced. As mentioned above, the high OCR and
stiffness would cause a low decrease level of cyclic deg-
radation [7-9]. However, the cyclic degradation of soil at
OCR >4 should be further investigated.

Conclusions

In this study, a series of cyclic ring shear tests were con-
ducted at different conditions to investigate the effect of nor-
mal stress, shear-torque amplitude, and overconsolidation
ratio on the cyclic degradation of weakly cemented soil and
soil containing a bedding plane. Based on the analysis of
test results, some main conclusions can be drawn as follows:

1. The experimental results showed that degradation
parameter  consistently decreased with increasing nor-
mal stress, shear-torque amplitude, and OCR for all sam-
ples.

2. The effect of vertical consolidation stress on the param-
eter ¢t for 2% + 0% cemented kaolin sample appeared to
be insignificant. On the other hand, if oy increases from
98 to 294 kPa, the parameter ¢ is decreased by 31.1%,
59.1%, and 23.0% for 0%, 2%, and 2% + 2% cemented
kaolin, respectively. The highest reduction level of
parameter ¢ of 2% cement sample means that the cyclic
degradation of 2% cemented kaolin is highly sensitive
to the variation in normal stress.

3. The normalized cyclic stress ratio (z,y/oy) significantly
decreased with the increase in the number of cycles (V)
at a constant vertical consolidation value for all samples
except for the pure kaolin sample. For this sample, the
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ratio of 7/oy, seems not to be influenced by increasing
normal stress.

4. As the applied cyclic stress ratio (CSR) increased from
about 0.3 to 0.9, the parameter ¢ was decreased by
11.5%, 44.0%, 24.7%, and 30.8% for 0%, 2%, 2% + 0%,
and 2% + 2% cemented kaolin, respectively. The high-
est effect of CSR on the parameter ¢ is observed for 2%
cement sample. The addition of 2% cement content
to kaolin confirms again that the parameter ¢ of 2%
cemented kaolin is highly sensitive to the variation in
shear-torque amplitude.

5. As OCR increased from 1 to 4, the value of parameter ¢
reduced by approximately 25.7% and 58.6% for 0% and
2% cemented kaolin samples, respectively. At OCR =4,
the parameter ¢ of 2% cement sample is significantly
lower than that of 0% cement sample. This is attributed
to the fact that when 2% cement content is added to
pure kaolin and consolidated at a high OCR, the stiffness
and hardness of 2% cement sample will be significantly
increased and resulting in a low cyclic degradation level.

6. This is the first study using the cyclic ring shear appa-
ratus to investigate the cyclic degradation of soil. The
research has evaluated the effective vertical normal
stress, shear-torque amplitude, and OCR on the cyclic
degradation of weakly cemented soil and bedding
planes. However, the effect of these factors and fre-
quency, f, on the cyclic degradation of soil at OCR >4
should be further studied.
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