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Abstract

This paper aims to assess the characteristics of the deformation and strength behavior of frozen soils at different tem-
peratures under monotonic and cyclic triaxial conditions. The deformation and failure patterns of the specimens change
from ductility to brittleness with decreasing temperatures under both monotonic and cyclic loadings. The development of
axial strain and stiffness with increasing number of cycles for the soils under cyclic loading is presented and analyzed in
detail. A collapse behavior in strength and stiffness is observed in tests of frozen soils at — 5 °C, — 7 °C and — 9 °C. The
difference in frictional sliding between the samples with high ductility and those with high brittleness is attributed to the
different patterns of deformation and failure. The dynamic modulus is plotted versus axial strain, and the state where the
stiffness begins to decrease is employed as the criterion of cyclic failure. The proposed criterion of cyclic failure is verified
to be more suitable for frozen soils with high brittleness and seems to be consistent with the peak strength under monotonic
loading. Finally, the cyclic stress ratios are plotted against the number of cycles up to this failure criterion, and the effect of
temperatures on cyclic strength is evaluated.
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1 Introduction

In recent years, an increasing number of construction
projects are being carried out throughout the cold regions
of the world, and the effective design of foundations for
stable structures in cold regions requires detailed knowl-
edge of the strength and deformation characteristics of
frozen soil and the influence of temperature on its behavior
[6, 21, 25, 26]. In addition, the technique of artificial
ground freezing is often used as a construction aid to
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control groundwater or provide temporary support for
excavations, tunnels and mineshafts [9, 10, 13, 33]. How-
ever, the greater use of such a construction aid is limited
due to the lack of detailed understanding and accurate
modeling of the behavior of frozen soils under different
loading and temperature conditions. Therefore, there is an
ongoing demand for the study of the mechanical behavior
of frozen soils and the effect of temperature on that
behavior.

Understanding and predicting the mechanical behavior of
frozen soils is a difficult problem because of the presence of
ice and unfrozen water, the complex microscopic mecha-
nisms controlling the strength of the soil and the sensibility
of the soil to temperature [3, 15, 20, 27]. Extensive inves-
tigations have been conducted on the mechanical behavior
by many researchers for more than 50 years, focusing on the
deformation and failure processes under monotonic and
cyclic loadings, and the triaxial test apparatus has found
widespread  application in  such  investigations
[4,8,12,15,20,22-24,29, 34, 38]. These studies reveal that
the deformation of frozen soils is highly nonlinear under
both types of loadings [2, 8, 16, 32, 34, 37, 39]. The stress—
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strain response under monotonic loading is usually used to
determine the initial yield stress, the strength and small-
strain stiffness [2, 8, 20, 28, 29], while the accumulated
deformation and stiffness changes within the increasing
number of loading cycles under cyclic loading are often used
to understand the dynamic behavior of frozen soils
[17, 18, 34, 36]. Furthermore, the effect of frozen tempera-
ture, confining pressure, cyclic stress amplitude and some
other critical factors on the monotonic or cyclic behavior of
different frozen soils have been investigated in these studies.
Based on a literature review, the following conclusions can
be made: (i) A soil will achieve high strength and stiffness
during the freezing process and both of the above parameters
increases with decreasing temperature. The ice lens and the
cementation in the solid soil matrix are often attributed to the
increase in strength and stiffness [20, 35]. As the tempera-
ture decreases from O °C, the thickness of the strongly
bonded unfrozen water layer around grains decreases, and
hence, the cementation in the soil matrix increases. Fur-
thermore, the content of ice lenses in the void between the
soil matrices increases, which will enhance the hindrance of
the soil grain deformation during loading. (ii) The effect of
confining pressure on the strength is drastically different for
a soil in frozen and unfrozen states. The strength of frozen
soils increases gradually in the low confining pressure stage
and then decreases with increasing confining pressure
[5, 24, 28]. The pressure melting under high confining
pressure is attributed to such changes with the confining
pressure. (iii) Published cyclic test data show that the
accumulation mode of plastic strain of frozen soils is found
to be depended on the applied cyclic stress amplitude
[17, 18, 34, 36]. The accumulated strain of frozen soils
increases and then tends to level off with the number of
cycles under low-amplitude cyclic stress, while the plastic
strain accumulates with an increasing rate and rapidly
reaches the failure limit of the frozen soils under high-am-
plitude cyclic stress. (vi) The frozen soil stiffness changes
remarkably with the number of loading cycles; recent
studies, including Ling et al. [19], Liet al. [17], Liuetal [18],
have conducted cyclic triaxial tests to capture the stiffness
changes with increasing loading cycles, and the change
modes were found to be depended on the cyclic stress
amplitude.

Although much work has been done, a qualitative
understanding of basic frozen soil behavior is still, for the
most part, lacking in the literature, and the details are
summarized as follows: (i) In the previous studies, the
monotonic and cyclic behaviors of frozen soils have been
usually investigated separately; however, the connections
between them are rarely studied to date. The differences
and similarities between the deformation mechanisms of
frozen soils under monotonic and cyclic loading need be
investigated, which will be useful to develop a united
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constitutive model that describes both monotonic as well as
cyclic behaviors uniformly; (ii) Attempts have been made
in the recent years to tackle this issue of stiffness changes
in frozen soils under cyclic loading, and the dependence of
stiffness changes in deformation history has been found in
our recent studies [17, 19]; however, not enough results can
be used to understand the dependence between them and
further investigations need be conducted. (iii) Although the
issue of the strength behavior of frozen soils has been
addressed extensively for monotonic loading conditions,
there is no reasonable metrics used to quantify strength
under cyclic loading [1, 12, 17, 18, 27], which prevent us to
estimate the stability of foundations or geo-structures in
cold regions subjected to cyclic loading, such as occurs
during the vibration of machinery, drilling equipment or
seismic activity in cold regions. (vi) Most of the existing
triaxial tests for frozen soils were conducted under high
confining pressure to investigate the effect of pressure
melting, which is not suitable for most routine geotechnical
problems such as building foundations in cold regions.
Knowledge of the strength and deformation behavior of
frozen soils under medium and low confining pressure is
still required to design and carry out such construction
projects in cold regions.

Recognizing the necessity to adequately capture further
behaviors of frozen soils as described above, this study
extends this research topic by conducting the monotonic
and cyclic triaxial tests under the identical confining
pressure of 200 kPa, which is common in most routine
geotechnical problems. The changes in the stress—strain
derived from monotonic tests are presented, and the effect
of temperature on the deformation model, strength and
stiffness are analyzed first in light of the response observed
from samples with identical origins in an unfrozen state.
Next, the typical stress—strain response under cyclic load-
ing is also presented and investigated in detail. Subse-
quently, the changes in axial strain and stiffness versus
number of loading cycles are studied and the dependence
of stiffness changes on the deformation history are ana-
lyzed and interpreted by the same deformation mechanism
of frozen soils under monotonic loading. Based on the
results of stiffness changes, the criterion of cyclic strength
is finally proposed for the frozen soils with high brittleness,
and then, this criterion is verified to be consistent with the
peak strength under monotonic loading.

2 Experimental program

2.1 Material and specimen preparation

A soil from the Qinghai-Tibet Plateau (near the Beilu
River, along the Qinghai-Tibet railway) was used in this
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experimental investigation. Prior to testing, the soil was
air-dried for 2 weeks and passed through a sieve with an
aperture size of 2.0 mm. This soil is classified as silty clay
according to the Chinese Soil Classification System, and
the specific gravity of the solids is 2.64. According to
standard procedures (GB/T50123-1999), the basic index
properties of this soil (after removal of mate-
rial > 2.00 mm) were determined and are summarized as
follows. The liquid limit of this soil is 28%, the plasticity
limit is 17.7%, and the plasticity index is 10.3. Standard
compaction tests were conducted to determine the maxi-
mum dry density and the optimum moisture content, which
were 1.828 g/cm’ and 14.8%, respectively. The grain size
distribution of this soil is shown in Fig. 1.

The reconstituted artificial frozen soil specimens were
prepared in the laboratory. The specimens had a diameter
of 50 mm and a height of 100 mm, and the procedures
performed as follows. The desired water content (e.g.,
15%) was added to the dry soil and mixed uniformly. A
steel split mold with an inside diameter of 50 mm and a
height of 100 mm was used to prepare the specimens. Each
sample was compacted through three layers according to
the standard procedure (GB/T50123-1999) and then
removed from the steel mold. A cylindrical specimen with
the desired size was produced with a bulk density of
1.96 g/cm® and was used in the tests under unfrozen con-
ditions. However, more procedures are needed to produce
the frozen samples. To avoid large frost heaving and sig-
nificant moisture movement during freezing, each speci-
men was then mounted in a steel split mold, which was
specifically manufactured and fixed at two ends by a steel
frame. Subsequently, the specimen was placed in a freezer
at a temperature of — 30 °C for 12 h to freeze rapidly.
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Fig. 1 Particle size distribution of the tested silty clay

2.2 Test device and testing procedure

In the present study, both the monotonic and cyclic triaxial
tests were performed using a computer-controlled GDS
triaxial testing system. The main system components
comprise the following items: signal conditioning, a servo
amplifier, a computer interface and data acquisition units.
The vertical loading system consists of a load frame and an
axial actuator, and this apparatus is capable of carrying out
stress- or strain-controlled loading. This configuration can
apply axial stress or strain loading with a maximum fre-
quency of 10 Hz using built-in sine, triangular, and square
waveforms or any other random waveforms defined by
means of external input. A new triaxial cell equipped with
a temperature control system was developed. Three
U-shaped copper tubes were placed in the triaxial cell and
connected to a cold bath. The triaxial cell was insulated
with a polyether high density hard layer, and temperature
sensors were installed to measure the liquid temperature in
the triaxial cell. Simethicone is selected to apply cell
pressure through servo valves and used as the cooling
medium in a refrigeration system. The temperature control
system can set the liquid temperature in triaxial cells in the
range of £ 0.1 °C around the determined value. The
maximum cell pressure, the maximum axial force, the
maximum axial displacement and the lowest temperature in
the triaxial cell are 20 MPa, 200 kN, 60 cm and — 30 °C,
respectively.

A prepared specimen was taken from the storage freezer
(— 30 °C) prior to testing, removed from the split mold,
covered with a rubber membrane and then placed between
filter papers, steel plates and the top and bottom load pla-
tens. Four to six O-rings were used to provide a water-tight
seal between the membrane and the load platens, and then,
the triaxial cell was filled with simethicone. Subsequently,
the temperature control system was used to get the liquid in
the triaxial cell to the selected temperature for the triaxial
test. This procedural step lasted for 12 h to stabilize the cell
liquid temperature at the desired test temperature and
ensure that the temperature in the specimen was uniform
throughout.

In the monotonic triaxial test, each sample was first
subjected to a determined isotropic confining pressure of
200 kPa for 10 min, and then, a constant axial deformation
rate was applied to the specimen, while the radial stress
was kept constant during the entire test. For this test type,
loading was suspended until vertical deformation had
reached the determined limit of 15 cm. As shown in
Fig. 2(a), the loading process of the cyclic triaxial test
consisted of five sequences. The cell pressure was first
applied to the liquid in the cell to create an isotropic stress
around the specimen, and this step lasted for 0 min.

@ Springer



1292

Acta Geotechnica (2020) 15:1289-1302

—_
Q
~
N

Deviatoric stress ¢

(b)
o
------ 7
[72]
O'Cl g
w
_____ 2
Oy 3
=
A -
> F ] >
time A Mean stress p

Fig. 2 Schematic illustration of a applied loading sequence on specimen; b typical stress path in cyclic tests

Subsequently, the applied axial stress on the sample was
increased to a value equal to the desired amplitude of
cyclic stress, g4, with a constant rate of axial force of 0.2
kN/s. The specimen was kept for 30 s under this stress state
to stabilize the applied stress, and then, one-way cyclic
loading without stress reversal, expressed as additional
force to the initial axial stress, was imposed in the axial
direction. The loading pattern was a sine wave, as shown in
Fig. 2a. In each test, cyclic stress with identical amplitude
was applied to the specimen in a stress-controlled mode
and at a frequency of 1.0 Hz. Changes in the axial defor-
mation and axial stress were measured during cyclic
loading. The cyclic loading was suspended after 1000
cycles or until axial strain had reached the determined
limit. For the soils in an unfrozen state, the limit is 20%,
while that of the soils in a frozen state is 10%. The details
of each test are listed in Table 1.

In accordance with the sign convention in soil
mechanics, compressive stress and contraction are defined
as positive, whereas tensile stress and elongation are
defined as negative. The general stress invariants are
described using “Cambridge p — g~ stress parameters,
where deviatoric stress is defined as (¢ = g; — g3), and
mean stress as p=(01+203)/3, with ¢ and o3 being the
major and minor principal stresses. A schematic of the
typical stress path is also presented in Fig. 2b, and the
cyclic stress path in each test is identical.

3 Experimental results and discussion
3.1 Monotonic triaxial test

As shown in Table. 1, four monotonic triaxial tests under
undrained conditions were carried out at temperatures
between — 3 °C and — 9 °C. In addition, another triaxial
test was performed on a sample in an unfrozen state to
investigate the effect of freezing temperature on the stress—
strain response. The deviatoric stress-axial strain curves
derived from all the monotonic tests are shown in Fig. 3.
Typically, deviatoric stress increases linearly at the very
beginning of each test, which could be attributed to elastic
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response, followed by yielding (peak strength). However,
different post-peak stress—strain responses are exhibited for
the tests in different frozen states. Each deviatoric stress-
axial strain response derived from tests Nos. 1 and 2
exhibits a rounded peak value, followed by the deviatoric
stresses decreasing smoothly with increasing axial strain
until reaching an approximately constant value (residual
strength). The results of tests Nos. 3, 4 and 5 show more
brittle responses, in which the deviatoric stress decreases
rapidly after a sharp peak and the approximate residual
strengths are usually reached at large axial strain. The
differences in the post-peak stress—strain response indicate
that more brittle behavior is induced by the lower
temperature.

The peak deviatoric stress and the secant modulus at the
axial strain level of 1% obtained from every test are
selected to investigate the effect of freezing temperature.
As shown in Fig. 3, the deviatoric stress increases linearly
before the axial strain reaches 1%; therefore, E o could be
attributed to the elastic modulus. To evaluate the effect of
freezing temperature on the strength and stiffness of frozen
soils, the values of soils in an unfrozen state are selected as
references, and the strengthening factors are defined as

)“p = qpeak/Qpeak,ref (1)
28 = E0.01/E0.01 et (2)

where /, and /g are the strengthening factors of the peak
strength and stiffness, respectively, gpeak rer 15 the reference
value of the peak strength and Epgrr is the reference
value of the elastic modulus. As described before, the
reference values of the peak strength and elastic modulus
are obtained from the specimen in an unfrozen state. The
strengthening factors of the peak strength and stiffness are
plotted in Fig. 4 as a function of temperature. It is clearly
shown that a decrease in the temperature results in the
mobilization of high peak strength and stiffness, as
expected from past studies [7, 14, 32]. Furthermore, /, and
Ag approach the same value at each temperature, and the
temperature dependency of both of these variables can be
expressed by a linear regression equation as follows:

Jplor g) = a + bT (3)
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Table 1 Details of monotonic and cyclic triaxial tests

Test group Test no. o3 (kPa) Strain rate (107571 oq4 (kPa) Temperature (°C)
Group A: monotonic loading 1 200 1.67 - Room temperature
2 200 1.67 - -3
3 200 1.67 - -5
4 200 1.67 - -7
5 200 1.67 - -9
Group B: cyclic loading 6 200 - 400 Room temperature
7 200 - 500 Room temperature
8 200 - 600 Room temperature
9 200 - 800 -3
10 200 - 900 -3
11 200 - 1000 -3
12 200 - 1100 -3
13 200 - 900 -5
14 200 - 1000 -5
15 200 - 1100 -5
16 200 - 900 -7
17 200 - 1200 -7
18 200 - 1350 -7
19 200 - 1450 -7
20 200 - 900 -9
21 200 - 1500 -9
22 200 - 1800 -9
3000 5
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Fig. 3 Deviatoric stress-axial strain curves for the specimens under
different temperatures

where a is the intercept, b is the coefficient (/ °C) and T is
the minus temperature (°C). The best-fit linear regression
equation derived from using to the data and the resulting
coefficient of correlation are shown in Fig. 4. The high
coefficient of correlation (R* = 0.93) means that the effect

Minus temperature (°C)

Fig. 4 Strengthening factors of peak strength and stiffness versus
minus temperature

of temperature on the peak strength and stiffness can be
described well in the range of test temperature.

The temperature dependency of the strength and stiff-
ness behavior can be attributed to two possible reasons: the
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ice lens and the cementation in the solid soil matrix. With a
decrease in temperature, the ice content of frozen soils
increases, and the cementation between the intergranular
interfaces becomes strong; hence, the sliding and rear-
rangement of the soil particle skeleton will be restricted
during loading.

3.2 Cyclic triaxial test

Only the deviatoric stress-axial strain curves of frozen
samples at — 5 °C are selected and plotted in Fig. 5 for the
purpose of brevity. Corresponding with the loading
sequences shown in Fig. 2a, the development of axial
strain was clearly divided into three sequences. In the first
loading sequence, the axial strain increases until the devi-
atoric stress reaches the determined level. Thereafter, the
deviatoric stress remains constant; however, the axial strain
also increases for 30 s, which could be attributed to the
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Fig. 5 Cyclic deviatoric stress-axial stain curves for frozen the
specimens under — 5 °C
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strong creep behavior of frozen soils. In the cyclic loading
sequence, the stress—strain curve shows hysteresis and
accumulation of irreversible strains with increasing number
of cycles. The characteristic features of the hysteresis loops
and some conclusions drawn from the curves in Fig. 5 are
as follows: (i) No closed hysteresis loop is induced by each
loading cycle, which means that frozen samples exhibit
significant elastoplastic behavior during cyclic loading and
that the imposed cyclic stress lies outside the true elastic
range even for test No. 13. (ii) During the cyclic loading,
the plastic or irreversible strains become large with the
increasing number of loading cycles, and the higher cyclic
loading results in more residual strain after the same
number of loading cycles. (iii) The differences in residual
axial strain between two adjacent cycles show different
changes for the samples under different cyclic stress levels.
For test No. 13, the differences decrease during the whole
loading cycles; however, the results of tests Nos. 14 and 15
show that the differences decrease in the initial loading
cycles and then increase with successive loading cycles.
The changes are different from the conclusions drawn by
Liu et al. [18], in which only decreases in the differences
were found. The low confining stresses (lower than that
applied in the studies of [18]) in our studies may contribute
to this special phenomenon. It is clearly shown that the
frozen soils exhibit more brittle behavior under lower
confining stress.

The characteristic features of the hysteresis loops will be
further examined by comparing the evolution of deforma-
tion and stiffness against the number of loading cycles. For
this purpose, the typical deviatoric stress-axial strain is
schematically depicted in Fig. 6. In the discussion that
follows, the loading cycles are reintegrated, and one cycle
includes one loading and one unloading process. It is clear
that the loop O-A-B-C-D is a nominal cycle because it
covers the initial loading stage and creep loading stage;
hence, this loop will not be used in the following study.

q4 /
]V‘ll cycles /‘ E,ec_,\v

/:
Nominal 1* cycle 2m cyc]e/‘ E.sec.:
A []

T L
1 / /

: /} 2
B /

81 max,2
< >

Elmax.¥

O-A: Initial loading stage; After point B: Cyclic loading stage

A-B: Creep loading stage;

Fig. 6 Schematic illustration of cyclic deviatoric stress-axial stain
curves
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The dynamic modulus, Egy, is the secant stiffness cal-
culated from the strains induced by the loading process in
the Nth cycle. ¢, indicates the maximum axial strain at
the Nth cycles. It should be noted that the maximum axial
strain usually does not correspond to the peak point of the
hysteresis loop and occurs in the unloading process of each
cycle, which also indicates the significant creep behavior of
frozen soils.

The evolution of the dynamic modulus and maximum
axial strain with increasing loading cycles are presented in
Figs. 6, 7, 8, 9 and 10. The test results of Nos. 6, 7, 9, 10
and 11 show similar development patterns of the dynamic
modulus and axial strain with increasing loading cycles.
The dynamic modulus, Eg., increases rapidly to a peak
value in the initial few loading cycles and then decreases
smoothly. It can be observed that the inflection point
(shown by a gray dot in the figures) divides the develop-
ment of & N into two stages in the curve of ¢, — N. The
maximum axial strain, &,N, increases rapidly in stage 1,
which is followed by an approximately linear growth in the
subsequent stage. In addition, the peak point of the
dynamic modulus corresponds to the inflection point of the
maximum axial strain, which means that the initial increase
and the subsequent decrease of the stiffness correspond to
stages 1 and 2, respectively. Test No. 8 exhibits a special
behavior, as shown in Fig. 7c. The stiffness increases
smoothly in the initial few cycles and remains at an
approximate constant value, while the maximum axial

strain growth shows strong linearity, and no marked
inflection point is observed during the whole loading
process.

For the frozen samples at relatively low temperatures,
such as tests Nos. 13, 16 and 20, the development of both
dynamic modulus and maximum axial strain with
increasing loading cycles exhibits similar evolution pat-
terns. It can be seen from the results derived from these
tests that the change in E. and g,y induced by the initial
loading cycles is greater than the change for subsequent
cycles.

The patterns of the evolution of Eg. and &,y for tests
Nos. 14, 15, 17, 18, 21 and 22 are qualitatively similar. The
stiffness and deformation of these specimens experience
three stages from the beginning of the loading till the final
axial strain of 10%. It can be observed that Ey. and &N
rapidly increase to the first marked yield point in stage 1
with a decreasing rate. In stage 2, the dynamic modulus,
Ec, seems to vary around a constant value or decreases
smoothly, while the maximum axial strain, ¢, N, increases
with an approximate linear pattern. The response in this
stage means that the complete breakdown of the frozen
soils does not take place immediately after the first primary
yield. The behavior in the initial two stages is qualitatively
similar to the behavior observed in the samples labeled
with Nos. 6, 7, 9, 10 and 11. However, for the samples of
Nos. 14, 15, 17, 18, 21 and 22, there is another marked
yield point, which separates the plateau of smoothly
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Fig. 7 Characteristics of dynamic modulus and maximum axial strain of soils under unfrozen state during cyclic loading a test No. 6
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Fig. 9 Characteristics of dynamic modulus and maximum axial strain of soils under — 5° C during cyclic loading a test No. 13 (64 = 900 kPa);

b test No. 1

changing stiffness from the start of substantial stiffness
degradation. In the last stage, the collapse responses with a
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4 (o4 = 1000 kPa); ¢ test No. 15 (og4 =

1100 kPa)

rapid reduction in E. and an accelerated increase in g, n
are observed with successive loading cycles.
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Furthermore, it can also be observed that the samples
subjected to relatively high cyclic stress (tests Nos. 8, 11,
14, 15, 17, 18, 21 and 22) reach the test limit in fewer than
1000 loading cycles. As described before, the samples in
the unfrozen state (test No. 8) and — 3 °C (test No. 11)
exhibit an approximately linear increase in ¢, x and a nearly
constant or smooth decrease in Eg., while the samples
below — 3 °C (tests Nos. 14, 15, 17, 18, 21 and 22) show
large losses in stiffness and accelerated axial deformation
during loading near the end cycles. The different responses
indicate that the samples in the unfrozen state and at
— 3 °C exhibit significant ductility, while the samples
below — 3 °C show brittle behavior. This finding is con-
sistent with the conclusions derived from the monotonic
triaxial tests conducted in this study. Based on the above
conclusions, it is believed that the freezing temperature of
soils will change the deformation patterns under both
monotonic as well as cyclic loadings and that the lower
temperature is linked with more brittle behavior.

The axial deformation of unsaturated soils under triaxial
compression conditions is often derived from several
mechanisms, such as volume compaction and frictional
sliding. In the initial loading stage, the axial deformations
are mainly derived from the volume compaction of the
samples, and the successive strain hardening results in a
progressive decrease in the deformation rate and an
increase in stiffness. In the subsequent loading stages, the
frictional sliding of the shear band in the samples mainly

induces growth of the axial deformation. The differences in
the deformation patterns for the samples at different tem-
peratures are mainly exhibited in the range of frictional
sliding, as presented in Figs. 7, 8, 9, 10 and 11. For the
samples in an unfrozen state or at a relatively higher frozen
temperature (referred to as — 3 °C in this study), the
cementation between soil particles is weak, and the shear
deformation in the thickness direction of the shear band is
continuous, which results in an approximately linear
increase in axial strain to a large value. Furthermore,
compared with the rapid increase in stiffness in the initial
stage, the change in stiffness is small and tends to level off
with subsequent loading cycles. This observation means
that the deformation of the test samples approached the
critical state as expected, which has been verified by many
results from tests conducted previously [30, 31]. Mean-
while, the bond in frozen soils at low temperature (referred
to as the samples at — 5 °C, — 7 °C and — 9 °C in this
study) is strong enough, and the frictional sliding process is
similar to the fracturing of solid materials. At the beginning
of frictional sliding, the stress concentrations that occur
around the solid particles result in tiny cracks between the
grains and the ice matrix that propagate from particle to
particle in the shear bond. In the process of crack propa-
gation, the shear zone grows continually; however, the
changes in frictional resistance of the overall sample are
small. This corresponds to the approximately linear
increase in axial strain and the plateau of smoothly
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Fig. 11 Characteristics of dynamic modulus and maximum axial strain of soils under — 9° C during cyclic loading a test No. 20 (c4 = 900 kPa);

b test No. 21 (o4 = 1500 kPa); ¢ test No. 22 (64 = 1800 kPa)

changing stiffness with increasing loading cycles, as pre-
sented in Figs. 7, 8, 9, 10 and 11. When the crack propa-
gation grows throughout the sample and a continuous shear
band is produced, the frictional resistance diminishes
rapidly, which results in the accelerated increase in axial
strain and rapid reduction in stiffness, as presented in stage
3 of Figs. 7, 8,9, 10 and 11.

The changes in stiffness are often correlated with the
number of loading cycles; however, the irreversible
microstructures or states altered by cyclic loading are
regarded as the internal reasons for these changes. There-
fore, the dynamic modulus, Ei., is also plotted against the
axial strain, &, N, in Fig. 12. It is clear that two qualitative
patterns of the variation of Ey. with &,y are observed. For
some tests (tests Nos. 13, 16 and 20), the values of Eg.
increase with the development of &,n, while Ey. from
other tests experiences an initial nonlinear increase and
then decreases with an approximate constant rate. A clear
threshold yield strain, ¢, yie1d, separates the change patterns
of Es. and the threshold yield strain, Eg., reaches a peak
value in these cases. From further examinations of the
curves of tests Nos. 13, 16 and 20, it is clearly observed
that even during the largest loading cycles, &, is lower
than that derived from the other tests. Therefore, it might
be argued that no stiffness degradations are shown in these
tests. This may be attributed to the lower axial strain
reached relative to the threshold yield value. In addition,
the threshold yield strain, &, yie1q, and the number of loading
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cycles, Nyield, in which the axial strain reaches the threshold
values, are listed in Table 2. From this table, the values of
€ayield derived from the tests under different cyclic stress
levels change greatly for the samples in an unfrozen state
and at a temperature of — 3 °C. However, the samples at
—5°C, —7°C and — 9 °C reach their cyclic softening
states at similar axial strains. The inevitable differences in
samples under the same conditions may contribute to the
differences in &, yie1q. For the samples with higher ductility
(the samples in an unfrozen state and at — 3 °C), no sig-
nificant strength or stiffness loss occurs during the long
deformation process and the variability of where the stress
reaches the peak value is relatively large.

Unlike the static failure, the specimen failure under
stress-controlled cyclic loading at a constant amplitude of
cyclic stress was difficult to ascertain due to the absence of
a peak stress. Thus, determining a criterion to define the
cyclic failure of frozen soils under such loading conditions
is a problem at the present. In the previous studies, many
cyclic triaxial tests on saturated soils (clean sand, silty sand
or sandy silts) under undrained conditions have been con-
ducted mainly based on the demand for earthquake-type
problems. It is often observed that the pore water pressure
builds up steadily as the cyclic axial stress is applied and
eventually approaches a value equal to or close (90— 95%)
to the initial applied confining pressure, thereby producing
a sizeable amount of axial cyclic strain, which indicates
that considerable softening occurs in these soils. Thus, such
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Fig. 12 Changes in dynamic modulus versus the axial strain of the tested specimens
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Table 2 Summary of the threshold yield strain and yield number of loading cycles

Frozen state Test no. Eayield (%) Nyield Frozen state Test no. Eayield (%) Nyield

Unfrozen No. 6 2.06 34 —-5°C No. 14 2.78 56
No. 7 10.26 119 No. 15 3.00 4
No. 8 10.17 10 —7°C No. 17 3.32 146

—3°C No. 9 3.30 88 No. 18 3.85 49
No. 10 2.52 40 No. 19 3.03 5
No. 11 3.38 49 —-9°C No. 21 2.79 127
No. 12 3.85 71 No. 22 3.34 25

a state is often utilized as a criterion to define the onset of 12 _ axial strain at peak strength

cyclic failure or liquefaction of soils ranging from clean 104 o, ® thershold yield strain

sands to fines containing sands [11]. However, there are |

some differences for frozen soils in undrained cyclic tri- g 8

axial tests. First, the undrained condition is usually nominal £ 6_’

for frozen soils and no liquid water flow out of the test &

samples is detected in most cases. Second, so far, no g 44 e

effective device can measure the pore stress in frozen soils, < 1 ° ° R gy Y S

and hence, the pore stress cannot be used as an index to 2__ ¢

evaluate the strength state of frozen soils. Third, residual 0

unfrozen -3°C -5°C -7°C -9°C

deformation is the major pattern of frozen soils under such
one-way cyclic loading without stress reversal, and no
significant level of cyclic strain can be reached even after a
very large number of loading cycles. Turning attention
back to the plot in Fig. 12, the dynamic modulus, Eq., will
degrade after the threshold yield strain, é,yied, Which
means the cyclic softening takes places at that moment.
Compared with the liquefaction state of saturated soils in
the unfrozen state in the previous studies, the strength and
stiffness of frozen soils do not dissipate completely in this
state, which appears to be more similar to the peak strength
derived from the monotonic triaxial tests. Therefore, the
state where E . begins to degrade may be an option to
define the criterion of cyclic failure.

To further evaluate the soundness of this criterion, the
threshold yield strain derived from cyclic triaxial tests and
the yield strain at peak strength derived from monotonic
triaxial tests are plotted in Fig. 13. It is clearly observed
that there is considerable scatter in the data derived from
the tests with soils in the unfrozen state, while the threshold
yield strains derived from cyclic tests are near the yield
strain for the frozen soils, especially at low temperatures
(= 5°C, —7°Cand — 9 °C). The observations presented
here are consistent with the behavior exhibited in the
stress—strain curves in Fig. 3. For the samples with high
ductility, the stress often changes smoothly after a thresh-
old axial strain, and the variability of where the stress
reaches the peak value is relatively large. Thus, the crite-
rion of cyclic failure presented above is more suitable for
frozen soils at low temperatures. Furthermore, the plot also
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Fig. 13 The threshold yield strain derived from cyclic triaxial tests
and the yield strain at peak strength derived from monotonic triaxial
tests

suggests that the deformation pattern of frozen samples
with high brittleness is consistent under both monotonic as
well as cyclic loading, and the criterion of cyclic failure is
consistent with the peak strength derived from the mono-
tonic triaxial test.

Following the routine practice of cyclic resistance of
saturated soils in an unfrozen state [11], the cyclic stress
ratio is defined as o4/(203) for the triaxial loading condi-
tion of frozen soils, which considers the combined effect of
cyclic shear stress and confining pressure. In Fig. 14, the
cyclic stress ratio is plotted versus the number of cycles
required to produce cyclic failure. It can be observed that a
large cyclic stress ratio does not correspond to a small
number of cycles, as expected for the samples in an
unfrozen state and at — 3 °C, which also means that the
criterion of cyclic failure presented above is not reasonable
for the soils with high ductility. Therefore, it is better to
define it at an arbitrary level of axial strain. Compared with
the data derived from the tests at — 5 °C, — 7 °C and
— 9 °C, the samples at lower temperatures correspond to a
higher cyclic stress ratio given the same number of loading
cycles. Although there are few data points, the tendency of
the effect is clear, which is consistent with the conclusion
derived from the monotonic tests.
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Fig. 14 Results of the cyclic strength of the specimens under
unfrozen state and different temperatures

4 Summary and conclusions

A series of monotonic and cyclic triaxial tests was con-
ducted on artificial soil samples in an unfrozen state and at
different temperatures. Their strength and stiffness behav-
iors were investigated in detail, and several important
findings were made and are summarized below.

(1) The patterns of stress—strain curves of test specimens
under monotonic loading change with decreasing
frozen temperature. The samples tested at lower
temperature were found to have higher brittleness,
and the peak strength and stiffness increase with
decreasing temperature. These changes are mainly
attributed to the stronger cementation between the
solid particles at lower frozen temperature. Further-
more, the effect of temperature on the peak strength
and stiffness can be described well by one and the
same linear equation.

(2) In the cyclic loading sequence, the stress—strain
curve of soils tested shows hysteresis and accumu-
lation of irreversible strains with increasing number
of cycles. For the tests under high-level cyclic
loading (reaching the test limit in fewer than 1000
cycles), the evolution of the axial strain and dynamic
modulus shows different development patterns for
soils in different frozen states. The test samples in an
unfrozen state and at — 3 °C exhibit two deforma-
tion stages: (i) In the initial stage, both the axial
strain and stiffness increase with increasing loading
cycles, and (ii) in the subsequent stage, the axial
strain increases with a near constant rate, while the
dynamic modulus remains constant or decreases
smoothly. However, the deformation process of test

soils at — 5 °C, — 7 °C and — 9 °C includes three
stages, and accelerated increases in axial strain and
rapid reductions in stiffness are observed in the last
stage.

(3) Two mechanisms, namely volumetric compaction
and frictional sliding, are employed to explain the
deformation process of soils under triaxial compres-
sion conditions. The different deformation patterns
of test samples in different frozen states are primarily
induced in the process of frictional sliding. The
frictional sliding process of specimens with high
brittleness is similar to the fracturing of solid
materials, and when crack propagation grows
throughout the sample and a continuous shear band
is produced, the frictional resistance will dissipate
rapidly, which results in accelerated increases in
axial strain and rapid reductions in stiffness.

(4) The evolution of stiffness with the development of
axial deformation comprises an initial nonlinearly
increasing stage and an approximately linearly
decreasing stage. In addition, a peak value of the
dynamic modulus can be derived from the evolution
curve and the state where the cyclic softening occurs
is proposed as the criterion of cyclic failure of soils
under cyclic triaxial compression conditions.

(5) This criterion was further examined by comparing
the threshold axial strain under cyclic loading and
yield axial strain at peak strength in monotonic
loading. It is observed that their variability is small
for the samples at — 5°C, — 7 °C and — 9 °C,
which indicates that the criterion of cyclic failure
proposed in this study shows good performance for
frozen soils with high brittleness. Following the
routine practice of soil dynamics, the cyclic stress
ratios are plotted versus the number of loading cycles
to the proposed cyclic failure, and a clear observation
that the samples at lower temperature had a higher
cyclic strength was found.
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