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The dynamic properties of soil deposits subjected to dynamic loading, such as the shear modulus
G and material damping ratio D, are important parameters in ground response seismic analysis. In
seasonally frozen regions, these properties can be significantly affected by microstructural changes
that occur during freeze-thaw cycles. The current study evaluated the dynamic properties of clayey
soil exposed to freeze-thaw cycles. Dynamic triaxial testing was conducted to determine the
influence of mean effective consolidation stress, cyclic stress ratio, loading frequency, and
freeze-thaw cycles on G-y and D-y curves. Scanning electron microscopy (SEM) was carried out
to investigate microstructural changes in the clay soil fabric. The results indicate the freeze-thaw
process has an important effect on dynamic properties of the soil. The dynamic shear modulus
increases with increasing effective confining pressure, loading frequency, and confining pressure,
and decreases with increasing number of freeze-thaw cycles. Development of more voids between
clay particles after ice lens formation during these cycles results in an increase in the damping
ratio, but this trend decreases with increasing confining pressure. Increasing the loading frequency
increases or decreases the damping ratio depending upon the mean effective confining pressure
and number of freeze-thaw cycles.

1. INTRODUCTION

Freeze-thaw cycles are a normal weathering
phenomenon in cold climates that considerably change
the structure and thus have a great influence on the
engineering properties of soils (e.g., physical and
mechanical features), which can also result in
significant changes in dynamic properties. As soil
moisture freezes, ice crystals form and the soil sample
is subjected to a volumetric change of up to 9 %; this
applies considerable stress to soil aggregates, resulting
in changes in soil characteristics at the micro and
macro scales (Dusenkova et al., 2013; Ghazavi and
Roustaei, 2013; Konrad, 1989; Szostak-Chrzanowski
and Chrzanowski, 2014).

The input parameters of soil materials for
substructure seismic analysis and design include the
maximum shear modulus (G,.), normalized stiffness
(G/Gmax), and damping ratio (D) over a wide range of
shear strains (y), and these influence the response of
soil layers to dynamic loads such as earthquakes,
waves, strong winds, and cyclic traffic loading.
However, dynamic in situ tests cannot be carried out
in most geotechnical investigations due to cost
considerations and the lack of specialized personnel
(Hanumantharao and Ramana, 2008). Most research is
conducted using one or a combination of advanced

laboratory testing techniques, e.g., bender element
(Bayat and Ghalandarzadeh, 2020; Gu et al., 2015),
resonant column (Bayat and Ghalandarzadeh, 2019;
Senetakis and Payan, 2018), simple shear (Vucetic and
Mortezaie, 2015) and cyclic triaxial testing (Bayat,
2020; Khan et al., 2011), that represent different levels
of shear strain. However, the dynamic properties of
clayey soil as a nonlinear material are affected by
factors such as mean effective confining pressure,
relative density, shear strain amplitude, geologic age,
cementation, over-consolidation ratio, plasticity
characteristics, cyclic strain, loading frequency, and
the number of loading cycles (Hardin and Drnevich,
2002; Jafarian et al., 2014; Kokusho, 1980; Ng et al.,
2016).

Recent studies have focused on the static
strength, shear modulus or resilient modulus and
damping ratio of frozen soil using wave propagation,
dynamic triaxial, resonant column, and ultrasonic
testing (Lin et al., 2018; Renliang et al., 2019; Wang
et al., 2018; Zhang and Hulsey, 2015; Zhao et al.,
2017). Temperature, shear strain amplitude, loading
frequency, mean effective confining pressure, and
relative density or water content influence the
dynamic properties of frozen soil (Flora and Lirer,
2013; Wang et al., 2003; Zhao et al., 2017; Zhu et al.,

Cite this article as: Roustaei M, Hendry M, Ali Aghaei E, Bayat M: Shear modulus and damping ratio of clay soil under repeated freeze-thaw
cycles. Acta Geodyn. Geomater., 187, No. 1 (201), 71-81, 2021. DOI: 10.13168/AGG.2021.0005



72 M. Roustaei et al.

80

60

Finer (%)

40

20

0.001 0.01 0.1 1
Grain size (mm)

Fig. 1  Grain size distribution curves of Abyek clay.

Table 1 Chemical properties of Abyek clay.

Mineral composition Weight portion (%)

Sio, 39.5
L.O.1 17.11
Ca0 15
Al,04 13.4
Fe,04 6.2
MgO 4.9
K,0 2.1
Na,0 1.2
Tio, 0.58
La & Lu 1<

Table 2 Physical properties of Abyek clay.

G 2.657
LL (%) 36

PL (%) 20
Wopt 18.5
(yd)max 1.82

2011) and the seismic site response and soil-structure
interface of seasonally frozen soils (Czajkowski and
Vinson, 1980; Di Donna et al., 2016; Zhao et al., 2014;
Zhu et al., 2011). Some recent research considers the
dynamic properties of soils after freeze-thaw cycles
(Zhang and Hulsey, 2015; Zhang and Cui, 2018). The
results show that the dynamic shear modulus
decreases with increasing number of freeze-thaw
cycles and also increasing freeze-thaw cycles results
in an increase or no change in the damping ratio
(Zhang and Hulsey, 2015; Zhang and Cui, 2018). Elif
Orakoglu et al. (2017) used dynamic triaxial tests to
investigate the dynamic properties of fine-grained soil
mixed with basalt and glass fibers subjected to freeze-
thaw cycles. The results illustrate the dynamic shear
modulus of reinforced soil specimens increases with
fiber content, moisture content, and mean effective
confining stress and decreases with increasing number
of freeze-thaw cycles. Simonsen and Isacsson (2001)
studied the resilient behavior of three soils during
freezing and thawing utilizing both variable and
constant confining pressure triaxial testing; at

non- freezing temperatures, the variable confining
pressure moduli were approximately 45-55 % lower
than the corresponding constant confining pressure
moduli.

While many studies have considered the shear
modulus and damping ratio of frozen soil, few have
been carried out on soils affected by freeze-thaw
cycles (Ling et al., 2015; Liu et al., 2010; Orakoglu
and Liu, 2017; Zhang and Hulsey, 2015). In addition,
some results reflect the dynamic properties of clayey
soil under repeated freeze-thaw cycles but few reports
the effect of parameters such as loading frequency on
the dynamic properties of the soil after these cycles.
Therefore, the current study was undertaken to
examine the physical changes of clayey soil samples
during freeze-thaw cycles and the changes in dynamic
properties because of these cycles. The influences of
the number of freeze-thaw cycles, mean effective
confining pressure, and frequency on the dynamic
parameters of the clayey soil were also analyzed.

2. TEST APPARATUS AND EXPERIMENTAL
PROCEDURES

2.1. MATERIALS

Abyek clay, a clayey soil from Abyek city in Iran
and classified as CL according to the USCS (ASTM
D2487), was employed in the study. This area is one
of the cities in Iran which has extreme cold winters.
The chemical properties of the soil obtained from
X-ray fluorescence (XRF) and X-ray diffraction
(XRD) testing and analysis indicate the clay fractions
are mostly composed of illite and clinochlore.

The grain size distribution of Abyek clay is
presented in Figure 1. Some chemical and physical
properties of the soil are presents in Tables 1 and 2,
respectively. As shown in Table 2, based on the
standard Proctor compaction test, the soil has
amaximum dry mass density of approximately
1.8 g/cm? at an optimum moisture content (OMC) of
18.2 %.

2.2. SPECIMEN PREPARATION AND FREEZE-
THAW CYCLES

Cyclic triaxial tests were conducted on
specimens that had been compacted in a mold 70 mm
in diameter and 140 mm in height by the wet-tamping
technique at the OMC (£0.5 %) and maximum dry
density (4 %). The OMC and maximum dry density
are parameters which are usually used in construction
projects such as road and railway embankments,
landfill liners, backfills of retaining structure and
earth dams, so understanding of the dynamic
properties of soil in these conditions are important.
The wet-tamping technique is the oldest technique
which is used for preparing unreinforced and
reinforced soil specimens and has been widely used by
previous researchers (Behavior and Symposium,
2006; Escribano and Nash, 2015; Flora and Lirer,
2013; Gu et al., 2015; Maleki and Bayat, 2012). The
wet- tamping technique can model the soil fabric of
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rolled construction fills and can produce very loose to
dense partially saturated specimens. The wet-tamping
technique is the best way to obtain a high porosity,
through a very low compaction energy combined with
an initial soil water content. For specimen preparation,
the OMC was added to the soil, which was then left
overnight in a sealed plastic bag to achieve a uniform
water content in the soil mass. The soil specimens
were formed by compacting the soil in four uniform
layers with a layer thickness of ~3.5 cm. After
compaction, all specimens were covered with plastic
wrap to prevent water evaporation. The covered clay
specimens were then placed into a digital refrigerator
set at =20 + 2 °C for 6 h and then at +20 + 2 °C for 6 h
to establish each freeze-thaw cycle. Six hours is
a proportional period after which, the alteration of
specimen’s height and diameter during freeze and
thaw cycles would become constant. These
temperatures and time periods are adequate for
samples to achieve solid freezing and complete
thawing and had been previously used in some
research works (Ghazavi and Roustaie, 2010; Qi et al.,
2006; Roustaei et al., 2016).

These temperatures are the ones used in some
previous research, such as the study carried out by
Qi et al. (2004). Six hours is a proportional period
after which, the alteration of specimen’s height
would become constant.

In whole freeze—thaw process, the samples were
encased in the mold and the mold provides confining
stress around the sample without a change in diameter.
Soil specimens were subjected to 0, 1, 3, 6, and
9 freeze-thaw cycles, during which the weight and
height variation in the specimens were recorded.
These numbers of cycles were chosen because most
soil strength reduction would occur in the early cycles
and after 5 to 10 cycles a new equilibrium condition
would establish (Ghazavi and Roustaie, 2010).

2.3. CYCLIC TRIAXIAL TESTS

Cyclic triaxial test as defined by ASTM D 3999
are usually used to identify the dynamic properties of
soil specimens. Since freeze-thaw cycles usually occur
at the ground surface, which is not also under the
pressure of a thin layer of soil but also in contact with
structure foundations, road pavement or railway tracks
and their traffic loads, three confining pressures of
100, 200 and 300 kPa were adopted for this test. In this
study, stress control tests were conducted on an
automated system, using a hydraulic actuator while the
amount of load, pressure and axial deformation were
recorded using a ZEMIC loadcell, SENSYS pressure
transducer and LPS-100S sensor, respectively.
Figure 2 shows the test setup as well as some samples
after the tests.

The recording accuracy of all sensors was 1 %
during the tests. Due to the large sample size and the
long procedure to saturate fine-grained soils,
experiments were carried out on unconsolidated and
unsaturated samples with a saturation degree of
0.72 (£2 %). Constant cyclic shear stress amplitude

loading begins at a small amplitude and gradually
increases. Each stage of loading consists of 40 loading
cycles. Drainage was not allowed during each stage of
loading; the drainage valves were opened before the
next stage of loading. The hysteresis loop at the tenth
cycle of loading in each stage is used to compute the
dynamic properties as it best represents typical seismic
loading (Zhang et al., 2005). The shear stress, 7, and
the corresponding shear strain, y, can be calculated
from:

=24 (1)

Y =& (1+V) (@)

where o, is the deviator stress, &, is the axial strain as
measured by a data acquisition system during the
cyclic triaxial test, and v is Poisson’s ratio. A typical
Poisson’s ratio of 0.3 was used as suggested by
Bowles (Bowles, 1997) for unsaturated clay soil. The
shear modulus can be determined from secant shear
modulus (Gsec or G):

Gsec 0T G = ;_c 3)
where 7. and y. are the shear stress amplitude and shear
strain amplitude, respectively. The material damping
ratio (D), which is calculated from the dissipated
energy Wp versus elastic strain energy Ws, can be
determined for a given hysteresis loop from:

Wp _ 1 Aloop

T anws  2m” Gy?

“

where Wp is the energy dissipated in one cycle of
loading (the area inside the hysteresis loop) and W is
the maximum strain energy stored during the cycle
(the area of the triangle). All the cyclic triaxial tests
performed using a series of sinusoidal cyclic stress
cycles were imposed on the top platen of tested
specimens at a constant frequency of 0.2 or 0.4 Hz.

Table 3 summarizes the details of the triaxial
tests used in this study. The shear modulus and
damping ratio of the clayey soil in the small-to-large
shear strain range (0.0004-0.1 %) are extracted from
the results of these tests.

3. RESULTS AND DISCUSSION

3.1. EFFECT OF FREEZE-THAW CYCLES ON SOIL

POROSITY

Frost heave is a common result of freeze-thaw
cycles in soil due to increasing volumes when freezing
and decreasing volumes when thawing. The decrease
and increase values are not the same and specimens
will not return to their initial volume, so this
phenomenon results in changes in soil properties such
as a significant decrease in cohesion (Ghazavi and
Roustaei, 2013). In this study, three samples were
randomly chosen from all of the samples collected and
their dimensions were monitored during freeze-thaw
cycles. Samples were covered with a plastic wrap after
removal from mold in preparation procedure, so the
boundaries are free to move. The samples 1 to 3 were
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a) Cyclic triaxial setup and b) specimens after the test.

Fig. 2

Table 3 Summary of the triaxial tests details.

Effective confining Loading Frequency No. of freeze-thaw cycles No. of triaxial tests
stress (kPa)

100 0.2 0,1,3,6and 9 10
0.4 T
0.2

200 0.4 0,1,3,6and 9 10
0.2

300 04 0,1,3,6and 9 10

compacted at water contents of 18.3, 18.5 and 18.6 %
with corresponding dry densities of 18, 18.2 and
18.1 kN/m?, respectively. Figure 3 shows the
variations of diameter, height, volumetric statin, void
ratio and unit weight of these three samples.

In this figure Dy and H,, are initial diameter and
height of the samples while D,, H. are the ones after
each cycle. The void ratio after each cycle was
calculated according to the amount of volumetric
statin while the unit weight was computed using
the weight and volume of samples after a cycle. The
results show that volumetric strain and void ratio of
these three samples increased and their unit weight
decreased over the nine freeze-thaw cycles. These

changes indicate an increase in the voids between clay
particles can be the result of applied load from the ice
lenses to the soil particles in the freezing phase and
lead to mechanical changes in the soil samples. These
curves also indicate that most changes in the physical
characteristics of the soil samples occurred during the
first six cycles; thereafter, most values became almost
constant, consistent with a new equilibrium condition
(Bowles, 1997).

3.2. EFFECT OF FREEZE-THAW CYCLES ON
MICROFABRIC STRUCTURE

Scanning electron microscopy (SEM) has
recently been used to investigate the microstructural
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changes of soil samples after freeze-thaw cycles
(Roustaei et al., 2015). Figure 4 shows that the soil
fabric before the freeze-thaw cycles was almost
smooth with small holes and surface cracks but
became rougher and more irregular thereafter.
Cracking and spalling are the most common results of
freeze-thaw damage in clayey soils. This aligns with
the results above that suggest the voids between the
clay particles increase due to the formation of ice
lenses. The mineral skeleton adjacent to the ice lenses
and freezing front underwent appreciable
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Fig. 3

compression. The compression itself caused by the
movement of water during freezing develops a spatial
network of channels that provides water for the
growing ice lenses (Hohmann-Porebska, 2002). This
network of channels left after the thawing of ice
crystals is obvious in the SEM images, would increase
the soil permeability, and could be the main reason for
the increasing trend in the damping ratio. High soil
moisture suction developed in the zone of freezing
also causes a very large increase in the effective stress
in the unfrozen soil immediately adjacent to this zone
and could also contribute to the changes in the
dynamic behavior of soil samples subjected to
repeated freeze-thaw cycles (Pusch, 1979).

3.3. EFFECT OF FREEZE-THAW CYCLES ON
DYNAMIC PROPERTIES OF SOIL
Figure 5 shows the shear modulus and damping
ratio curves of the soil samples under a constant
confining pressure of 100 kPa, before and after nine
freeze-thaw cycles at a constant frequency of 0.2 Hz.
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(left: scale 200 um, right: scale 5 um).

The shear modulus of soil specimens exhibited non-
linear features and degraded sharply as the strain
amplitude increased to above 10 %. These results
show that the shear modulus decreases with increasing
number of freeze-thaw cycles at a given confining
pressure and shear strain amplitude, especially at small
strains; however, the damping ratio increased as the
number of freeze-thaw cycles increased from 0 to 9.
These findings are in agreement with previous
experimental results (Wang et al., 2015). Also obvious
in the SEM images is that an increase in the number of
freeze-thaw cycles causes a significant change in the

SEM images of soil specimens (a) before and (b) after nine freeze-thaw cycles at two different scales

soil fabric by disrupting the interlocking, which affects
the dynamic properties in terms of shear modulus
reduction and damping ratio increase. In other words,
the soil becomes looser and its void ratio increases
after freeze-thaw cycles, which increases the
consumption of energy and the damping ratio and
decreases the shear modulus and the resistance of soil
particles to movement (He and Zhang, 2005). Figure 6
shows the effect of freeze-thaw cycles on the
hysteretic displacement-load loop of the specimens
obtained from cyclic triaxial tests conducted at
a frequency of 0.2 Hz. As shown in the figure, the
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Fig. 6  Effect of number of freeze-thaw cycles in the

hysteretic shear stress-shear strain loop under
constant confining pressure and cyclic stress
ratio.

shear modulus decreases, and the corresponding shear
strain amplitude increases with an increasing number
of freeze-thaw cycles.

3.4. EFFECT OF CONFINING PRESSURE ON
DYNAMIC PROPERTIES OF SOIL

The effect of confining pressure on the G-y and
D-y curves for the specimens after experiencing nine
freeze-thaw cycles are shown in Figure 7. An increase
in the confining pressure increases G and decreases D
for a given shear strain amplitude. However, the effect
on the shear modulus decreases with increasing shear
strain amplitude. These findings are in good
agreement with previous experimental results (Bayat
and Ghalandarzadeh, 2020; Teachavorasinskun et al.,
2002).

These results show the effect of the freeze-thaw
cycles on the damping ratio of the soil becomes more
pronounced as the confining pressure decreases. Each
freeze-thaw cycle consists of a freezing phase, in
which ice crystals are formed and the soil specimen is
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Variation of (a) shear modulus and (b) damping ratio of soil specimens after nine freeze-thaw.

subjected to considerable stress and volumetric
change. This increases the distance between soil
particles and channels develop within the soil
skeleton. At higher confining pressures, soil particle
rearrangement closes the cracks and fissures produced
by the freeze-thaw process and enhances the soil
strength (Wang et al., 2017), which would explain the
results shown in Figure 7. Moreover, Figure 8 shows
the effect of mean effective confining pressure on the
hysteretic stress-strain loop of the specimens obtained
from cyclic triaxial testing conducted at a frequency of
0.2 Hz and cyclic stress ratio (CSR) of 0.2. As shown,
the shear strain amplitude increases with increasing
confining pressure.

3.5. EFFECT OF LOADING FREQUENCY ON
DYNAMIC PROPERTIES OF SOIL

Figure 9 presents the effect of frequency (0.2 or
0.4 Hz) on the shear modulus and damping ratio versus
shear strain amplitude for specimens subjected to nine
freeze-thaw cycles at a confining pressure of 100, 200,
or 300 kPa. Increasing the loading frequency increases
the shear modulus; however, the effect of frequency
on damping ratio is not clear. Increasing the loading
frequency either increases or decreases the damping
ratio depending upon the mean effective confining
pressure and number of freeze-thaw cycles.

Previous studies indicate the damping ratio of
saturated soils is frequency dependent, where energy
dissipation can be attributed to the inelasticity of the
soil skeleton and the viscous interaction of fluid in the
pore space. Soil skeleton losses dominate at low
frequencies, while viscous losses prevail at high
frequencies (Moayerian, 2012; Wang et al., 2017).
Although the difference between the two frequencies
in the current study might not be sufficient to observe
any effect on changes in dynamic properties during
freeze-thaw cycles, Figure 10 shows that the amount
of damping ratio increase after nine freeze-thaw cycles
is greater at the higher frequency when the rate of
loading and unloading is faster.
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I In the current study, the following equation is
" also presented to predict the damping ratio as
o6 a function of shear strain level, effective confining
04 pressure, and number of freeze-thaw cycles:
0.2 b
% \ D(%):blx(l+7)hl><(%) x(1+Fz)" (©)
o As shown in Figure 11(b), the proposed equation
04 predicts values relatively well at desired distribution
06 —~ 100kPa around y=x line.
o - 200kPa
& 300kPa 4. CONCLUSIONS
ts 2 1 0 1 2 3 Changes in the dynamic properties of cohesive
Vertical displacement (mm) soil induced by freeze-thaw have not received as much
Fig.8  Effect of confining pressure in the hysteretic attention as other aspects of frozep soil engineering.
shear stress-shear strain loop before any The current study examined the .mﬂuence of mean
freeze-thaw cycles under a constant CSR. effective confining pressure, loading frequency, aqd
number of freeze-thaw cycles on the dynamic
properties of a clayey soil using systematic laboratory
3.6. THE PROPOSED MODEL tests. After testing specimens through triaxial
The results of the tests indicate that the factors apparatus, the following results can be concluded:
affecting the shear modulus are the shear strain level, 1. Volumetric measurements and void ratio
effective confining pressure, number of freeze-thaw calculations of the soil samples during freeze-
cycles, and frequency. The following empirical thaw cycles indicate the samples become looser
equation is proposed to estimate the shear modulus: because the voids between clay particles increase.
. I X 5) This‘phenom'enon comjbined’with disruption of
G(MPa):ale_}/lz X(IOIJ x[w]x(1+_l‘) the interlocking of soil grains noted in SEM

. . . . , Table 4 The models parameters.
Where G is shear modulus in MPa, y is shear stain, o

is effective confining pressure in kPa, FZ is the Model parameters Value
number of freeze-thaw cycles, f'is frequency in Hz, ap 312
and a; to as are the fitting parameters which are az 177

constant as shown in Table 4. As shown in as 0.5

Figure 11(a), the correlation coefficient between the ay 18.6
measured and predicted values of shear modulus is as 18.4
0.91 which validates the feasibility of the proposed b, 24.4
equation. In the current study, the nonlinear least b> 1.80
squares method was used for the identification of the bs 0.12

fitting parameters. by 0.04
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photos likely results in the change of dynamic
properties of the soil.

2. The shear modulus and damping ratio of clay soils
are mainly affected by the mean -effective
confining stress, loading frequency, and number
of freeze-thaw cycles. The results of dynamic
triaxial tests showed the damping ratio increases
and the shear modulus decreases at small and
medium strain amplitudes but remains almost
unchanged at large strain amplitudes as the
number of freeze-thaw cycles increases. An
increase in the mean effective confining stress
increases the shear modulus because the effect of
freeze-thaw cycles decreases as the confining
pressure increases. It can be conducted that
freeze-thaw cycles are more destructive at the
ground surface, which is in contact with structure
foundations or road pavement.

3. The results show that an increase in loading
frequency increases the shear modulus.
Decreasing the mean effective confining stress or
increasing the freeze-thaw cycles moves the
damping ratio curves upward. However, the effect
of frequency on the damping ratio of the clay
specimens under various freeze-thaw cycles
remains unclear. Increasing the loading frequency
increases or decreases the damping ratio
depending upon the mean effective confining
pressure and number of freeze-thaw cycles. These
findings which could result in poor condition of
soil mixtures can be used to predict the seismic
response analysis of seasonally frozen ground
more accurately.

4. This paper describes the development of models
to estimate shear modulus and damping ratio for
clayey soil from loading and freeze-thaw
conditions. Two models (Egs. 6 and 7) have been
developed to predict shear modulus and damping
ratio from a collected database that contains
27 tests. The results indicate that the proposed
equations can evaluate the shear modulus and
damping ratio of clayey soil.
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