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Abstract: This paper presents the results of a series of monotonic and post-cyclic triaxial tests
carried out on a clay specimen and three types of clay-sand mixed specimens. The focus of the paper
is on the post-cyclic mechanical behavior of the mixed specimens, as compared to their monotonic
behavior. Analyses of the tests results show that cyclic loading degrade undrained shear strength
and deformation modulus of the specimens during the post-cyclic monotonic loading. The
degradation depends on the sand content, the cyclic strain level and to some degrees to the

consolidation pressure.
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1. Introduction

Materials of earth dams, glacial tills,
mudflows, debris flows, and residual and
colluvial soil deposits have a distinct
structure. These materials consist of a
mixture of large particles (gravel, sand or
hard clay fragments) and a soft matrix of soil
(clay, or silt—clay mixture). These types of
soils are called "mixed or intermediate soils".
When the clay content is dominant in the
mixed soil, it is called mixed clayey soil. The
behavior of such soils depends on the amount
of granular material and clay content as well.
Over the past decades, the behavior of mixed
clayey soils under monotonic and cyclic
loading has been studied to some extent [1, 2,
3,4,5,6,7 and §].

In order to perform the stress-strain and
stability analyses of a soil structure made of
clay-granular material mixtures, their
mechanical properties are required. It is
common practice to design soil structures,
like earth and rockfill dams to withstand both

static and dynamic loading (e.g. earthquake
shaking). However, a review on the
performance of earth dams during
earthquakes shows that most of the dam
failures have occurred either a few hours or
up to 24 hours after the earthquake. This
phenomenon is called delayed failure or
delayed response, and means that the critical
period for an earth dam is not only the period
of shaking, but also a period of hours
following the earthquake. It therefore
necessitates the investigation of post-
earthquake behavior of such structures [9, 10,
11, 12, 13, 14 and 15]. Hence, it is of great
importance to understand post-earthquake
behavior of comprising material of these
structures. Published data show that a
number of post-cyclic monotonic shear tests
have been carried out on clayey soils [16, 17,
18, 19, 20 and 21], and the post-liquefaction
behavior of sandy and silty soils has also
been studied extensively [22, 23, 24, 25, 26,
27 and 28]; however, the post-cyclic
behavior of mixed clayey soils has never
been studied.
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Figure 1. Grain size distributions of tested materials

This paper focuses mainly to understand the
behavior of artificially mixed clays with
sands subjected to post-cyclic monotonic
loading. For this purpose, a laboratory study
program was set to investigate the effect of
cyclic loading, sand content, and
consolidation pressure on post-cyclic
mechanical behavior of mixed clayey soils.

2. Testing Procedure

2.1. Apparatus and Materials

The testing apparatus was a closed-loop
digitally servo-controlled apparatus capable
of performing static and dynamic triaxial
tests. Four types of reconstituted compacted
soil specimens were tested. Three types of
the specimens were clay-sand mixtures and
the other one was pure clay. Commercial
clay, Turkey Ball-clay, was used to minimize
the risk of plasticity variations. The index
properties of the clay were LL=41, PI=18,
and G¢=2.72. According to the Unified Soil
Classification System (USCS), the clay is
categorized as CL [29]. The sand used in the

mixtures was retrieved from the Khalij area
in the vicinity of Tehran and comprised
subrounded aggregates with G=2.64. The
grain size distributions of the clay and sand
are presented in Figure 1.

The clay-sand specimens were prepared by
mixing different volumetric proportions of
the clay and sand and named ST80, ST60 and
ST40, where S and T stand for the sand and
clay, respectively and the numbers denote the
volumetric clay percentage; the specimen
made of pure clay named T100.

2.2. Specimens Preparation

Since the main purpose of the research was to
evaluate the behavior of mixed clayey soils
as materials for the core of earth dams, the
specimen preparation method was chosen so
to model the prototype conditions as much as
possible. Each of the specimens was
compacted in six layers with a water content
of 2% wet of optimum and its corresponding
dry density according to the standard
compaction test [29]. Table 1 presents the dry
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Table 1. Dry density and water content of the specimens

Specimen Ya (kN/m?) w (%)
T100 15.90 23.90
ST80 16.60 18.33
ST60 16.95 16.93
ST40 18.10 15.26

density and water content of the specimens
before testing. The specimens were 7.1cm in
diameter and 15cm in height.

To attain homogenous specimens, materials
(clay and sand) needed for each of the layers
were mixed with water separately and kept
isolated in a plastic bag for about 24 hours
before the compaction. The surface of each
layer was scored after compaction for better
binding with the next layer.

2.3. Consolidation and Shearing

The prepared specimens were mounted in the
triaxial cell and carbon dioxide gas was then
flushed through them from the bottom to the
top to displace all the entrapped air out of the
specimens. Water was then let flow through
the specimens and back-pressures were
applied until a saturation degree
corresponding to B-value of 96% was
achieved. Then specimens were consolidated
isotropically under effective confining
pressures (0'.) of 100, 200 and 350kPa.

Two series of undrained shear tests were
carried out on the specimens; Series I:
conventional ~monotonic  compression
shearing and Series II: cyclic undrained
loading followed by monotonic compression
shearing. Series I tests were carried out to
provide bases for the comparison and
evaluation of the results of the post-cyclic

monotonic tests. Sufficient numbers of
repeatability tests was carried out that their
results were conforming. The loading for all
of the cyclic tests was strain-controlled,
which is preferred usually over the stress-
controlled loading for cyclic loading tests
[30]. The monotonic loading (Series I and
post-cyclic shearing of Series II tests) were
conducted with a constant strain rate of
0.08 % / min up to an axial strain of 16%.

In Series II tests, the specimens were
subjected first to 50 cycles of constant cyclic
axial strain amplitude (¢ ) with frequency of
0.1Hz. Then enough time was given for
equalization of residual excess pore water
pressures, before the post-cyclic monotonic
compression shearing was applied. In order
to investigate effects of different cyclic
loading amplitudes on the post-cyclic
behavior of the specimens, almost all of the
cyclic tests were repeated with three cyclic
axial strains. The loading processes applied
to each of the specimens for Series I and II
tests are schematically illustrated in Figure 2.

3. Tests Results

Typical results of the undrained monotonic
and post-cyclic monotonic tests on the T100,
ST80, ST60 and ST40 specimens are
presented in Figures 3 to 6, respectively.
There are four curves in every graph, one for
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Figure 2. Loading processes applied to the specimens

Table 2. Mean effective stresses (p',.) and apparent overconsolidation

ratios (OCR,,,,

)* at the beginning of post-cyclic tests

Consolidation

6’ .=100kPa
Pressure

o’ =200kPa

o’ =350kPa

Cyclic strain —
~——— | &=0.25% £.=0.5% £.=0.5%

e=1.0%  €=15% | e=05% e=10% &=1.5%

Specimen
T100 80 (1.25) 67.8 (1.47) | 138.8 (1.44) 126 (1.59) 83 (2.41) 240 (1.46) 187.5(1.87) 178 (1.97)
ST80 70(1.43) 54(1.85) | 9652.07)  82(2.44) 7427 | 256.7(1.36) 172.4(2.03) 1647 (2.13)
ST60 77(13) 404 (248) | 117.5(1.7)  111(1.8) 101(1.98) | 195(1.79) 118.5(295) 96 (3.65)
ST40 48 (2.1) 323 (3.1) 97 (2.06) 69 (2.9) 59.5 (3.36) 156 (2.24) 99 (3.54) 83.5 (4.19)

* Numbers inside parentheses introduce (OCRapp) apparent overconsolidation ratio

the monotonic test and the others for the
post-cyclic monotonic tests. Each of the
figures includes variations of deviatoric
stress versus axial strain, excess pore water
pressure versus axial strain and deviatoric
stress versus mean normal effective stress.
For the purpose of brevity, only the
immediate results of the tests with
0'=200kPa  are  presented  here.
Nevertheless, the results of all of the tests
with ¢',=100, 200, and 350kPa are included
in the analyses and discussions which will be
presented in the next section.

It should be noted that o', is the
consolidation pressure before shearing in
Series I tests and before cyclic loading in

series II tests. Therefore, it should not be
taken wrongly as the mean effective stress
(p'pe) at the beginning of post-cyclic
monotonic shearing, which is considerably
lower than its corresponding ¢'.. The mean
effective stresses and their associated
apparent overconsolidation ratios (OCR,,,)
before post-cyclic shearing are tabulated in
Table 2. The apparent overconsolidation ratio

is definedas o'/ p',..

Results of the cyclic tests were found to be in
general agreement with the results of similar
tests reported in the literature [1, 3, 5, 7 and
8]. The cyclic tests results and their
evaluation are out of the scope of this paper
and therefore, they are not presented here.
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Figure 3. Effect of cyclic loading on post-cyclic behavior of specimen T100 at ¢'.=200kPa: a) deviatoric stress versus axial
strain, b) excess pore water pressure versus axial strain and c) effective stress path
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Figure 4. Effect of cyclic loading on post-cyclic behavior of specimen ST80 at o' =200kPa: a) deviatoric stress versus axial
strain, b) excess pore water pressure versus axial strain and c) effective stress path
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Figure 5. Effect of cyclic loading on post-cyclic behavior of specimen ST60 at o' =200kPa: a) deviatoric stress versus axial
strain, b) excess pore water pressure versus axial strain and c) effective stress path
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Figure 6. Effect of cyclic loading on post-cyclic behavior of specimen ST40 at o' =200kPa: a) deviatoric stress versus axial
strain, b) excess pore water pressure versus axial strain and c) effective stress path
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4. Analysis of Results

4.1. Effect of Cyclic Strain

4.1.1. Stress-strain behavior

A comparison of the stress-strain behavior
during the post-cyclic tests with the stress-
strain behavior during the monotonic tests
(examples presented in Figures 3a to 6a)
suggests that the post-cyclic undrained shear
strength and secant deformation modulus of
the specimens are influenced by the cyclic
loading and its amplitude. Variations of the
normalized wundrained shear strength
(Sucpc/Sucy) and  normalized secant
deformation modulus (Esypc)/Espag) versus
the cyclic axial strain (&) for all of the tests
are compiled in Figures 7 and 8, respectively.
In these Figures, post-cyclic shear strength
(Sucpcy) and secant deformation modulus
(Es50(pc)) obtained from each of the tests have
been normalized to their corresponding
values resulted from the monotonic tests
(Series I tests); it should be noted that &£ =0
represents the monotonic tests. In fact, the
normalized values represent variations in the
undrained shear strength and deformation
modulus due to cyclic loading.

As observed in Figures 7 and 8, both of the
normalized shear strength and normalized
secant deformation modulus reduce as the
cyclic axial strain, ¢, increases. The degree
of degradation of the deformation modulus is
much higher than the degree of degradation
of the shear strength. The behavior of the
post-cyclic tests on specimens T100, which is
pure clay, are in general agreement with the
results of the similar tests reported in the
literature [16, 17, 18 and 19]. For example,
Matsui et al (1992) studied effect of cyclic
axial strain on the post-cyclic behavior of
two types of normally consolidated clay and
concluded that in general the post-cyclic
undrained shear strength and secant

deformation modulus of these clays decrease
as cyclic axial strain increases. Also Yasuhara
et al. (1992) investigated effect of undrained
cyclic loading on clay behavior and found
that the undrained shear strength decreases
with the amplitude of cyclic loading. Moses
et al. (2003) observed similar behavior for
cemented clays.

There are a few exceptions in the shear
strength of specimen T100, in which the
post-cyclic test with £ =0.5% reflects higher
shear strength compared with the monotonic
strength. The authors speculate that the
reason for this anomaly in low cyclic strains
may be due to either experimental error or
reorientation of the clay flocks and particles
(caused by cyclic loading) which results in a
higher internal friction angle; the effect of
friction (or strength) augmentation is
dominant to the degradation caused by cyclic
loading.

It should be noted that post-cyclic testing
with the consolidation pressure (o',) of
100kPa, especially on the high-content sand
specimens (ST60 and ST40), faced some
difficulties because of very low confining
pressures (p',.) at the beginning of the post-
cyclic tests. For example, p',. of the post-
cyclic tests of these specimens with € =0.5%
were 40.4 and 32.3kPa, respectively (Table
2). Therefore, our analyses and evaluation of
the post-cyclic behavior of the soils hereafter
will be mainly on the basis of the tests with
0',=200 and 350kPa.

4.1.2. Excess pore water pressure (EPWP)

In Figures 3b to 6b, one can observe that the
excess pore water pressures (EPWPs)
induced during the post-cyclic tests are
significantly lower than EPWPs induced
during the monotonic tests (Series ). Also
the value of EPWP decreases as ¢ . increases.
It is of interest that the excess pore water

234 International Journal of Civil Engineerng. Vol. 4, No. 3, September 2006


https://ijce.iust.ac.ir/article-1-344-en.html

[ Downloaded from ijce.iust.ac.ir on 2025-07-18 ]

pressure behavior in the post-cyclic
monotonic tests resembles the behavior of
lightly overconsolidated soils.

In addition, the EPWPs in the post-cyclic
tests as well as the monotonic tests increase
initially during shearing, then after reaching
a maximum value they follow a decreasing
trend with increasing the axial strain. This
reduction in EPWP is more pronounced in
the post-cyclic tests, especially for the higher
values of ¢ ., with minimum values at the end
of the tests. These minimum values are even
negative for some of the tests with €. equal
to 1.0% and 1.5% (See Figures 3b, 4b and
6b.).

4.1.3. Effective stress path (q": p')

Figures 3c to 6¢c show the effective stress
paths in q":p' planes for the tests with
0',=200kPa. It is observed that the post-
cyclic stress paths start from comparatively
lower values of p', and their behavior very
much resembles the behavior of lightly
overconsolidated soils. With reference to
Table 2, the low values of mean effective
stresses (p') at the beginning of the post-
cyclic tests, as compared with their
corresponding values at the beginning of the
monotonic tests (0',), are caused by EPWPs
induced during cyclic loading. Generally the
higher the cyclic strain, the more the apparent
overconsolidation ratio. Similar behavior
was observed during the post-cyclic tests
with ¢' =100 and 350kPa.

4.2. Effect of Sand Content

4.2.1. Stress-strain behavior

Variations of the normalized undrained shear
strength and normalized secant deformation
modulus versus the sand content for the
values of ¢, are presented in Figures 9 and
10, respectively. It can be realized that with

the exception of two tests on T100 specimens
(as discussed in Section 4.1.1), the undrained
shear strength and secant deformation
modulus of all of the specimens degraded
due to cyclic loading. It is also realized that
the degradation in the secant deformation
modulus is comparatively more pronounced
and more dependent on the sand content. For
the mixed specimens, degradation in the
shear strength and secant deformation
modulus range respectively between 0.99 &
0.87, and 0.97 & 0.074.

4.2.2. Excess pore water pressure (EPWP)
Variations of the normalized maximum
EPWPs (Au,,,/p'") generated during the
monotonic and corresponding post-cyclic
tests versus the sand content are presented in
Figure 11 for the different ¢ . In this Figure,
the normalization is made to the effective
confining stress (p') before shearing.
Therefore, the values of p' for monotonic
tests are their corresponding o', and for the
post-cyclic tests are the numbers summarized
in Table 2. It can be observed that for the
post-cyclic tests, with a few exceptions,
Au,,,/ p' increases mildly with the sand
content. For the monotonic tests, the increase
in Au,,,/ p' with the sand content is more
pronounced.

4.2 .3. Effective stress path (q': p')

A review of Table 2 and Figures 3c to 6c¢
suggests that for a given consolidation
pressure (0'.)) and cyclic strain (£,.), the
effective confining stresses (p') at the
beginning of the post-cyclic shearing for
most of the tests decreases as the sand
content increases. This 1is a direct
consequence of the fact that higher excess
pore water pressures have been induced
during cyclic loading in the tests on the
specimens with the higher sand contents.
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Figure 10. Variations of normalized secant deformation modulus versus sand content for different cyclic strain at
consolidation pressures of: a) ¢',=200kPa and b) 7' .=350kPa
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5. Summary and conclusions

The paper presents results of a number of
consolidated undrained monotonic as well as
post-cyclic triaxial compression tests on
three sand-clay mixtures, with 20%, 40%,
and 60% sand contents; three consolidation
pressures of 100, 200, and 350kPa were used
for testing. Similar tests were carried out on
specimens of pure clay. On the basis of the
tests results, the main conclusions of the
paper are summarized, as follows:

- Undrained cyclic loading reduces effective
stresses by generating excess pore water
pressures and induces apparent
overconsolidation in the specimens.

- The results of the post-cyclic monotonic
tests show that cyclic loading degrades
undrained shear strength and secant
deformation modulus of the clay and mixed
specimens.

- The degradation in mechanical properties
depends on the sand content, cyclic axial
strain level, and to some degrees confining
pressure.

- The values of excess pore water pressures
developed during the post-cyclic tests are
considerably lower than the associated values
developed during the monotonic tests.

- The conclusions and results presented in
this paper may be adopted for the evaluation
of mechanical parameters required for post-
earthquake stress-strain and stability analyses
of soil structures comprising clay or clay-
granular material mixtures.

Notation

Espayy = Secant deformation modulus
obtained from monotonic test

Espipc) = Secant deformation modulus
obtained from post-cyclic monotonic test
EPWP = Excess Pore Water Pressure

G = Specific gravity

LL = Liquid limit

OCR,,, = Apparent overconsolidation ratio
PI = Plasticity index

p' = Mean effective stress

P'pc = Mean effective stress at the beginning
of post-cyclic monotonic shearing

q = Deviatoric stress

Sucowy = Undrained shear strength obtained
from monotonic test

Sucpc) = Undrained shear strength obtained
from post-cyclic monotonic test

w = Water content

Au = Maximum excess pore water

max
pressures

¥4 = Dry density

&, = Axial strain

&, = Cyclic axial strain

o', = Consolidation pressure
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