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Abstract: The resilient modulus, accumulated plastic strain, peak shear stress, and critical shear stress are the elastoplastic be-
haviors of frozen sand—concrete interfaces under cyclic shear loading. They reflect the bearing capacity of buildings (e.g. high-
speed railways) in both seasonal frozen and permafrost regions. This study describes a series of direct shear experiments con-
ducted on frozen sand—concrete interfaces. The results indicated that the elastoplastic behaviors of frozen sand—concrete inter-
faces, including the resilient modulus, accumulated plastic strain, and shear strength, are influenced by the boundary conditions
(constant normal loading and constant normal height), initial normal stress, negative temperature, and cyclic-loading amplitude.
The resilient modulus was significantly correlated with the initial normal stress and negative temperature, but not with the
cyclic-loading amplitude and loading cycles. The accumulated plastic shear strain increased when the initial normal stress and
cyclic-loading amplitude increased and the temperature decreased. Moreover, the accumulated plastic shear strain increment de-
creased when the loading cycles increased. The accumulated direction also varied with changes in the initial normal stress, nega-
tive temperature, and cyclic-loading amplitude. The peak shear stress of the frozen sand—concrete interface was affected by the
initial normal stress, negative temperature, cyclic-loading amplitude, and boundary conditions. Nevertheless, a correlation was
observed between the critical shear stress and the initial normal stress and boundary conditions. The peak shear stress was high-
er, and the critical shear stress was lower under the constant normal height boundary condition. Based on the results, it appears
that the properties of frozen sand—concrete interfaces, including plastic deformation properties and stress strength properties, are
influenced by cyclic shear stress. These results provide valuable information for the investigation of constitutive models of fro-
zen soil-structure interfaces.

Key words: Frozen sand—concrete interface; Cyclic direct shear test; Elastoplastic behavior; Direction of accumulated plastic
strain; Boundary condition

1 Introduction processes. The foundations of these constructions in
permafrost regions are subjected to several loading cy-

The behavior of the soil —structure interface sig-  cles and from accumulated plastic strain, which may
nificantly affects geotechnical engineering applica- reduce their serviceability and longevity. The soil—
structure interface has been considered as a transfer
zone, and its properties are crucial for the shear
strength of foundations (Randolph, 2003; Jardine et
al., 2005; Hanzawa et al., 2007; Aghakouchak et al.,
2015). The long-term stability and service perfor-
mance of structures under cyclic loads are primarily
influenced by the properties of that interface. As a re-
sult of the accumulated plastic strain under cyclic

tions such as building foundations, tunnels, and pipe-
lines. An increasing number of major engineering
projects in northeast and northwest China, as repre-
sented by high-speed railways and La-Ge 400-kV di-
rect current transmission lines, have been completed
with the development of economical construction
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properties of frozen interfaces under cyclic loading,
such as seismic, traffic, and machine vibration loads,
is essential for structural design. Hence, investigating
the elastoplastic behavior of frozen soil—structure in-
terfaces under cyclic loading, and precisely calculat-
ing the bearing capacity and understanding the defor-
mation characteristics of construction in permafrost
regions are urgent issues.

Much research has been conducted on the defor-
mation characteristics of unfrozen soil—structure inter-
faces. An automated interface testing apparatus that
can apply a constant normal load (CNL), constant nor-
mal stiffness (CNS), and constant normal height
(CNH) was designed (Fakharian, 1996). An interface
model using the critical state soil mechanics concept
according to the framework of generalised plasticity
and bounding surface plasticity was proposed (Liu et
al., 2006; Lashkari, 2012). An elastoplastic constitu-
tive model for the state-dependent behavior of cohe-
sionless soil was developed (Li and Dafalias, 2000).
The constitutive rules of cyclic behavior of the inter-
face between a structure and gravelly soil using macro-
and micro-observation results of a series of large-
scale tests were investigated (Zhang and Zhang,
2009). A comparison of interface testing results from
two different shear directions (axial and torsional)
was conducted, which developed an improved funda-
mental understanding of granular-continuum stress —
strain behavior (Martinez et al., 2015). They also pro-
posed fundamental micro-mechanical processes that
could explain the differences in behavior between axi-
al and torsional tests. A method for incorporating the
effect of particle breakage in improving the capabili-
ties of an elastoplastic constitutive simulation of the
cyclic accumulative contraction in granular interface
modeling was introduced (Saberi et al., 2018a). There-
after, the model was adapted and applied to various
problems.

These studies on mechanical behaviors and con-
stitutive models were conducted with respect to unfro-
zen soil. Frozen soil is different from unfrozen soil in
terms of its microstructural and mechanical properties
(Lai et al., 2009b). When soil is frozen, its strength
will increase many times and the stress—strain rela-
tionship is more complex and sensitive to tempera-
ture. The strength of frozen soil increases with in-
creasing confining pressure, but decreases when the
confining pressure exceeds a certain value. These

differences in characteristics can be attributed to the
presence of polycrystalline ice, air, unfrozen water,
and organic matter (Style and Peppin, 2012). The de-
formation and strength properties of frozen silty clay
under monotonic and cyclic triaxial loading were stud-
ied and a criterion of cyclic failure was proposed (Xu
et al., 2020). The dynamic behaviors of frozen silty
soils with different coarse-grained contents by the
modified MTS-810 apparatus were investigated, and
it was found that the resilient modulus increased and
the damping ratio decreased as the loading cycles in-
creased (Zhang et al., 2019). Zhou et al. (2020) report-
ed that, based on the study of the strength and defor-
mation of frozen loess, the stress path has a sensitive
influence on rheology and stiffness. The mechanical
properties of the frozen interface were different from
those of the unfrozen interface, due to its unique static
and dynamic properties. The property of strength was
the most significant difference. When soil was frozen,
its strength increased many times and the stress—strain
relationship was more complex and sensitive to tem-
perature. The strength of frozen soil increased with in-
creasing confining pressure, but the strength de-
creased when the confining pressure exceeded a cer-
tain value. These differences in characteristics can be
attributed to the presence of polycrystalline ice, air,
unfrozen water, and organic matter. This finding im-
plied that further investigation is needed on the behav-
iors of frozen interfaces (Ma et al., 1999; Ling et al.,
2013).

The frozen soil—structure interface (hereinafter
referred to as the frozen interface) is an extremely
thin contact zone between the structure and the frozen
soil and is the most important factor influencing the
safety and stability of structures in permafrost re-
gions. The plastic strain of the frozen interface accu-
mulates under cyclic loading (e.g. seismic, wind, and
traffic loads) and contributes to building failures. Ex-
perimental research was conducted on the behaviors
of frozen interfaces and the bearing capacity of pile
foundations on site in permafrost regions under cyclic
loading. For instance, the behaviors of frozen interfac-
es under cyclic shear stress were investigated using a
multi-functional direct shear apparatus (Zhao et al.,
2014). A direct shear apparatus that can apply a dy-
namic shear load (0-20 kN at 0.1-6.0 Hz) to the in-
terface was developed and the shear characteristics
of frozen soil under dynamic loading were obtained



(Cui et al., 2013). A series of tests at negative temper-
ature under dynamic shear loading were conducted
and the results revealed the behavioral characteristics,
influencing factors, and variations in the contact inter-
face under dynamic loads (Lii et al., 2013). The
freeze-thaw cycling impact on the shear properties of
a frozen soil—concrete interface was investigated (He
et al., 2020). He et al. (2020) proposed shear strength
parameters to simulate the performance of engineered
geotechnical assets. A series of tests were carried out
to investigate the freezing strength of the frozen sand—
steel plate interface and a damage model based on the
comprehensive continuous damage theory and statisti-
cal strength theory was proposed (Shi and Yang,
2021). The mechanical properties of a thawing soil—
concrete interface influenced by moisture content,
temperature, and normal load were investigated (Pan
et al., 2022). The interaction between frozen soil and
concrete and the freezing strength of pile side in per-
mafrost regions under dynamic load were investigated
(Xie et al., 2022). The significance of water content,
freezing temperature, and freezing time on the freez-
ing strength of frozen silty clay—concrete lining inter-
faces was analyzed (Sun et al., 2020). The shear char-
acteristics of ice—frozen soil interface influenced by
initial water content, initial void ratio, and negative
temperature were investigated (Shi et al., 2020). It
was found that the temperature and initial water con-
tent determine the shear stress properties and dilatan-
cy types of ice—frozen clay interface. The shear me-
chanical properties according to a series of negative
temperature direct shear tests and a deformation
mechanism of the warm frozen silt—cemented soil in-
terface by a binary medium model were studied
(Zhang et al., 2021). The seismic response of a con-
crete pile foundation in permafrost regions influenced
by horizontal excitations was studied by Vaziri and
Han (1991), Zhu et al. (2010, 2011), and Rist et al.
(2012); these scholars revealed that the thin layer of
frozen soil around the pile foundation has a signifi-
cant influence on the seismic response of the pile and
impairs the nonlinearity of vibration. It was found
that the shear and tensile strengths increased with de-
creasing temperature and increasing moisture con-
tents, and a bond-friction interface model was built to
predict the properties of pile—frozen soil (Sun et al.,
2021). It was found that low temperature decreased
the shear strength of pile—frozen soil and a friction
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parameter was suggested to describe the resistance of
the interface (Aldaeef and Rayhani, 2018, 2019a,
2021). Moreover, the load transfer mechanism of pile—
frozen soil was studied and a modified model was
established to simulate their properties (Aldaeef and
Rayhani, 2019b, 2020). A nonlinear model was estab-
lished to predict the shear strength of frozen soil—
concrete interface according to direct shear tests influ-
enced by temperature and water content (Xiong et al.,
2021). The shear properties of the frozen clay—
concrete interface influenced by normal stress, tem-
perature, and shear rate were studied by He et al.
(2021). They found that those factors have a great in-
fluence on the shear behavior of the frozen interface.
The experiments conducted on the frozen interface
under cyclic shear loads revealed that the peak shear
stress and shear displacement are dependent on the
temperature, initial normal stress, and load frequency.
However, the elastoplastic characteristics and stress
paths of frozen interfaces under cyclic loads have
been insufficiently investigated.

After extensive research on the shear characteris-
tics of the unfrozen soil-structure interface, we have a
good understanding of its strength and deformation
properties. Researchers have conducted many experi-
ments on the interface between frozen soil and struc-
ture, especially under monotonic loading, to study fac-
tors governing its influence. To summarize, previous
research has focused on the shear strength of frozen
interface under monotonic and cyclic loading. Such
research does not give an understanding of elastic
property and plastic deformation. This study empha-
sizes the elastoplastic property of the frozen soil—
structure interface under cyclic loading and proposes
a model to describe the plastic deformation.

The boundary conditions are important factors
influencing the stress paths of interfaces. Further-
more, the stress path determines the load transfer
mechanism, shear, and volumetric deformation be-
haviour of the interface according to experiments
(Fakharian, 1996; Dejong et al., 2003; Zhang and
Zhang, 2006; Mortara et al., 2007; Dejong and West-
gate, 2009). Hence, it is necessary to investigate the
shear properties of interfaces under complex bound-
ary conditions (CNL, CNH, and CNS) in permafrost
regions to provide theoretical and experimental sup-
ports for structural design (Saberi et al., 2018b).
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In this study, the cyclic shear characteristics of a
frozen sand—concrete interface were systematically
studied using a self-developed large-scale direct shear
apparatus at Beijing Jiaotong University, China. To
obtain a better understanding of the factors influenc-
ing the elastoplastic properties of the frozen interface,
tests were conducted using CNL and CNH. The be-
haviour of the frozen interface was investigated at dif-
ferent negative temperatures, amplitudes of cyclic
shear stress, and initial normal stresses. The factors
influencing the resilient modulus (including initial
elastic shear modulus), accumulated plastic strain,
peak shear stress, and critical shear stress were inves-
tigated based on the tests. The findings of this study
contribute to a more comprehensive understanding
of the bearing capacity mechanism of temperature-
controlled thermal piles operating in high-speed rail-
ways in permafrost regions and provide data support
for the constitutive modelling of frozen interfaces un-
der cyclic direct shear loading.

2 Materials and methods

A systematic study of frozen sand—concrete inter-
faces under cyclic shear loading was conducted to in-
vestigate their elastoplastic characteristics. This sec-
tion describes the specimen preparation and test pro-
cedures in detail.

2.1 Test apparatus and specimen preparation

A large-scale direct shear apparatus used for all
the tests was self-developed in this study, as shown in
Fig. la. A cooling temperature system was assembled
with a large-scale direct shear apparatus to control the
environmental temperature of the inner shear boxes.
The temperature could be held constant or varied
within the range of —25-30 °C by program control.
The apparatus could accommodate a large soil speci-
men with dimensions of 200 mmx>200 mmx100 mm.
The large-scale shear apparatus could exert vertical
and horizontal loading independently and apply verti-
cal boundary conditions as either CNL or CNH by
means of the control system. Based on the restriction
of the performance of the large-scale direct shear ap-
paratus, the boundary conditions used in tests are
CNL and CNH. Moreover, the apparatus recorded
the horizontal displacement, vertical displacement,

normal stress, and shear stress of the interface auto-
matically by connection to a computer.
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Fig. 1 Test devices and specimen: (a) large-scale direct
shear apparatus (1: stepper servomotor for shear loading;
2: stepper servomotor for normal loading; 3: shear boxes;
4: refrigeration system); (b) temperature and humidity
chamber; (c) specimen

The specimens were prepared with fine sand
(based on the unified soil classification system). The
sand parameters are presented in Table 1. The maxi-
mum dry density and optimum water content were
1.62 g/cm’ and 18%, respectively, based on the ASTM
Standards.

All the artificial frozen sand—concrete specimens
were prepared in laboratories, and the preparation pro-
cesses were as follows.

2.1.1 Sand specimen preparation

(1) The undisturbed sand was crushed by pul-
verising and drying; large particles were removed us-
ing a 2-mm sieve, after which the sand was placed in
a stove.



Table 1 Physical properties of the sand for testing

Parameter Value

Constrained grain size, d,, (mm) 0.195
Median grain size, d,, (mm) 0.129
Effective grain size, d,, (mm) 0.095
Maximum dry density (g/cm’) 1.62
Optimum water content (%) 18.00
Grain size distribution (%) <2.00 mm 99.25
<0.50 mm 96.95

<0.25 mm 80.07

<0.75 mm 6.00

(2) The stoved sand was thoroughly mixed with
the designed moisture content until saturation, and
then set in a sealed plastic bag for 24 h at 1 °C to mix
the water and sand fully.

2.1.2 Concrete specimen preparation

(1) A layer of Vaseline was spread on the inner
surface of the model box with dimensions of 200 mmx
200 mmx*20 mm for ease of ejection of the concrete
specimen (Fig. 1c).

(2) Thereafter, PO32.5 ordinary Portland cement
was mixed with water and fine sand using a 2-mm
sieve and poured into model boxes. The consistency
of the cement mortar height with respect to the model
box was then ensured.

(3) The concrete specimens were cured under
standard conditions for 28 d.

(4) The bottom of the concrete specimen was
considered as the surface of the structure to ensure
that the surfaces of the concrete specimens had the
same roughness.

2.1.3 Frozen sand—concrete specimen preparation

(1) A layer of petroleum jelly was spread on the
inner surface of the model box with dimensions of
200 mmx200 mmx80 mm, for ease of placement of
the frozen sand—concrete specimen.

(2) The prepared concrete specimen was placed
at the bottom of the model box, which was then filled
with three layers of saturated sand according to the de-
signed compaction; the height of the saturated sand
sample was 40 mm (Fig. 1c).

(3) The model boxes were wrapped with plastic
film and frozen in the temperature and humidity
chamber (Fig. 1b) at the designed temperature.
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(4) The prepared frozen sand—concrete specimens
were rapidly transferred into pre-cooling shear boxes,
and cyclic shear tests were conducted.

2.2 Cyclic shear test process

In this study, tests were conducted with CNL and
CNH, three initial normal stresses, three negative tem-
peratures, and three amplitudes of cyclic shear loading.
The experimental conditions are presented in Table 2.

The stress condition and stress—strain curve of
the frozen sand—concrete interface in the shear tests
under monotonic and cyclic shear loading are present-
ed in Fig. 2. The initial normal stress o,, was applied
to the specimen in the vertical direction before the cy-
clic shear stress was applied, as illustrated in Fig. 2a.
Subsequently, the cyclic shear stress was applied in
the horizontal direction with a loading pattern of a tri-
angle wave, as shown in Fig. 2b. In this study, the cy-
clic shear stress is denoted by 7., =kz,"", where 7,'"
is the peak shear stress of the frozen sand—concrete in-
terface under monotonic shear loading with the same
test conditions as those of the cyclic shear test illus-
trated in Fig. 2¢, and the amplitude of the cyclic shear
stress is denoted by £=0.2, 0.5, and 0.8. The number
of loading cycles is denoted by n=10. The cyclic
shear test will be terminated once the total shear dis-
placement reaches 10 mm.

cyc

Table 2 Test cases for the frozen sand—concrete interface

Item Description
Boundary condition CNL, CNH
Initial normal stress, o, (kPa) 100, 200, 300
Temperature, 7 (°C) -2,-5,-8
Cyclic shear stress amplitude, & 0.2,0.5,0.8
Moisture content (%) 33

Several studies have been reported on the unfro-
zen soil —structure interface, and a parameter K has
been defined to describe the normal stiffness of the in-
terface constraints (Dejong et al., 2003; Dejong and
Westgate, 2009). Normal stress is linearly related to
volume change via this parameter. According to the
influence of K on the interface, the stress paths can be
divided into three categories obtained using CNL for
K=0, CNS for K=cst (constant), and CNH for K=c0.
These three stress paths were obtained by the three
different boundary conditions applied to the interface



688 | JZhejiang Univ-Sci A (Appl Phys & Eng) 2022 23(9):683-703

Shear stress (kPa)

Shear strain

(b)

A .
i| E
’1
)} Mon
i T
© 1 p
L !
= 1
@ I
g [
®
pis
@
(0]
=
»
>
»
Shear strain
(c)
A
Y e ! e 4 e
5 Ak ‘,]Km AKE,
=3 K] " i1
/ ] 1
g ’ ] )
o [F===- iy = - -—
= ,l : 1
2 ! 1
© 7 b
2 7 Toye=KTYOn
2 5 'l cye”Rlp
4
< ~ —>
+ Shear strain

™
)
8

3
Y

ace
&

(d)

Fig. 2 Scheme of the stress state for the frozen sand—
concrete interface: (a) stress variable on the interface
plane; (b) cyclic shear loading; (c) shear stress—shear strain
(r-¢) curve of monotonic shear test; (d) shear stress—shear
strain (7-g) curve of cyclic shear test. 7 is the thickness of
the frozen interface, &7 is the accumulated plastic shear
strain of the first cycle, ¢, is the accumulated plastic

shear strain of the nth cycle, and other parameters are
explaned in the text

(Saberi et al., 2018b), as shown in Fig. 3. The normal
stress o, can be calculated using Eq. (1) during shear
loading.

(M
2

0,=0,+do,,
do,=—Kdu,,

where o,, is the initial normal stress prior to shear
loading, du, is the normal displacement increment of
the interface, and K is the applied normal stiffness
(Saberi et al., 2018b).
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Fig. 3 Schematic view of different boundary conditions in
experimental study of the interface: (a) CNL, K=0; (b)
CNS, K=cst; (¢) CNH, K=x

3 Evolution of elastic behavior

The shear stress—shear displacement curves
of frozen sand—concrete interface under monotonic
loading are shown in Fig. 4. The shear stress—shear
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Fig. 4 Shear stress—shear displacement curves of monotonic
shear tests: (a) 7=-2 °C; (b) T=-5 °C; (¢) T=-8 °C

displacement curves of a frozen sand—concrete inter-
face under cyclic loading, shown in Fig. 5, indicate
the influence of initial normal stress, temperature, and
cyclic-loading amplitude on shear stress during cyclic
loading. The elastic shear modulus EY is related to the
elastic behavior (i.e. the first part of the shear stress—
shear strain relationship) under monotonic shear test-
ing. As shown in Figs. 2c¢ and 2d, a tangent to the
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Fig. 5 Shear stress —shear displacement curves of cyclic
shear tests: (a) 7=-2 °C, k=0.2; (b) k=0.2, ¢,,=100 kPa;
(¢) T=-2 °C, 6,,~100 kPa

first part of the 7-¢, curves can be constructed under
CNL or CNS monotonic shear loading, and E{ can
be calculated (Fig. 2c). As represented in Fig. 2d, we
adopted the methods suggested by previous scholars
(Saberi et al., 2018b) regarding the resilient modulus
(shear and bulk moduli) as the elastic modulus of the
frozen sand—concrete interfaces under cyclic shear
loading. The resilient modulus reflects the elastic be-
haviour of the interface. A complete cycle of the load-
ing process consists of loading, unloading, and reload-
ing processes, and forms a non-closed hysteresis loop
(Fig. 2d). In this study, by constructing tangents at the
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first parts of the 7-¢, curves under CNL, cyclic shear
loading testing and the initial elastic shear modulus
K¢, could be reached. This study regards the cyclic
elastic shear modulus K7, as the slope of the line con-
necting the inversion point between loading and un-
loading to the end point in the nth cycle on the z-¢,
curve (Li, 2015). Similarly, the normal elastic modu-
lus can be calculated from the normal stress with re-
spect to the normal displacement data obtained from
the CNS tests.

The elastic shear behaviour of the frozen sand—
concrete interface was studied based on shear experi-
ments conducted with different initial normal stresses,
negative temperatures, and cyclic-loading amplitudes
under monotonic and cyclic shear loading.

3.1 Analysis of elastic shear modulus E{ under
monotonic shear loading

The effects of the initial normal stress and nega-
tive temperature on E; with monotonic shear loading
under CNL were investigated based on a series of ex-
periments, as shown in Fig. 6. E{ exhibited linear
growth as a result of increasing initial normal stress
and decreasing temperature.

3.2 Analysis of elastic shear modulus under cyclic
shear loading

3.2.1 Initial elastic shear modulus K;

It is commonly acknowledged (Zhang and
Zhang, 2006; Saberi et al., 2018b) that E; is signifi-
cantly affected by the normal stress of an unfrozen
sand—concrete interface. The factors influencing the
elastic modulus of a frozen sand—concrete interface
significantly are the initial normal stress and a nega-
tive temperature based on the monotonic shear tests
described above. The applicability of that conclu-
sion to frozen sand—concrete interfaces under cyclic
shear loading was investigated by conducting vari-
ous tests with different initial normal stresses, nega-
tive temperatures, and cyclic-loading amplitudes.
The development of K with the initial normal
stress, negative temperature, and cyclic-loading am-
plitude is shown in Fig. 7. The variation trends of
K¢, with respect to the initial normal stress and neg-
ative temperature were identical to those of Ef in
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Fig. 6 Elastic shear moduli of monotonic shear test versus
initial normal stress (a) and temperature (b)

the monotonic shear test. The evolution curves,
shown in Figs. 7a and 7b, indicate that the increas-
ing initial normal stress and the decreasing tempera-
ture led to a higher K. Moreover, K, was indepen-
dent of the cyclic-loading amplitude, and differenc-
es were not observed for different cyclic-loading
amplitudes (Fig. 7c).

3.2.2 Cyclic elastic shear modulus K,

Fig. 8a illustrates the variations in K, with re-
spect to the loading cycles. The dependence of K, on
the initial normal stress and negative temperature was
investigated based on a series of tests with a cyclic-
loading amplitude of k=0.2. At zero cyclic loading,
K, was equal to K. The increasing trend of K¢,
with increasing initial normal stress and decreasing
temperature was similar to that of £ in the monoton-
ic shear test and that of K, in the cyclic shear test. In
the same test results, K, was higher than K. Fig. 8a
indicates that K, fluctuated within a small range with

increasing loading cycles.
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Fig. 7 Initial elastic shear moduli of cyclic shear test
versus different initial normal stresses (a), temperatures
(b), and cyclic-loading amplitudes (c)

Fig. 8b shows the development of K¢, with the

loading cycles, under different cyclic-loading ampli-
tudes, at a temperature of —5 °C. Fig. 8b illustrates
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Fig. 8 Cyclic elastic shear moduli of cyclic shear test with
different initial normal stresses, temperatures, and cyclic-
loading amplitudes versus loading cycles: (a) cyclic-
loading amplitude £=0.2; (b) temperature 7=-5 °C

that the variations in K, with the loading cycles
fluctuated within a small range under different cyclic-
loading amplitudes. Therefore, the influence of the
cyclic-loading amplitude on K, was slight.

3.3 Comparison of elastic shear moduli at differ-
ent stress states

There was negligible impact of the cyclic-
loading amplitude on K and K¢, based on the above
analysis. Therefore, the results for K and K¢, were
the weighted averages obtained using the values of
the different cyclic-loading amplitudes.

Fig. 9 compares E; under monotonic shear load-
ing, and K¢, and K, under cyclic shear loading, and
shows that K, was significantly higher than K and
E¢ under all test conditions. An exponential increase
in the values is observed in Fig. 9.
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4 Evolution of interface plastic behavior

The accumulated plastic strain continued to in-
crease with loading cycles according to the tests. As
mentioned previously, the initial stress state, stress
path, and negative temperature were the factors affect-
ing the characteristics of the accumulated plastic
strain (Saberi et al., 2018b). The development of the
accumulated plastic strain with increasing initial nor-
mal stress, decreasing temperature, and increasing
cyclic-loading amplitude under different boundary
conditions based on the tests, is discussed below.

4.1 Analysis of accumulated plastic shear strain
4.1.1 Influence of initial normal stress

The development of the accumulated plastic
shear strain with loading cycles at different initial nor-
mal stresses is depicted in Fig. 10, where similar de-
velopment curves can be observed. During 10 cyclic
shear loading cycles, increasing loading cycles de-
creased the increment of accumulated plastic shear
strain and increased the accumulated plastic shear
strain. Moreover, higher initial normal stress led to
higher accumulated plastic shear strain when the load-
ing cycles and negative temperature were constant.
With decreasing temperature, increasing normal stress
led to a decreasing increment of the accumulated plas-
tic shear strain of the frozen sand—concrete interface
at a given cyclic-loading amplitude under CNL and
CNH. However, the initial normal stress affected the
frozen interface differently than it did in the study
conducted by Pra-ai and Boulon (2017). The results
obtained by Pra-ai and Boulon (2017) showed that ac-
cumulated shear strain decreased with increasing ini-
tial normal stress at a given loading cycle. Compared

with the properties of the unfrozen soil, increasing ini-
tial mean stress decreased the strength of the frozen
soil (Lai et al., 2013; Li, 2015; Li et al., 2016), which
can be attributed to the pressure-melting behaviour of
frozen soil. Hence, pressure-melting of the frozen
sand—concrete interface occurred during cyclic shear-
ing, resulting in contrasting observations of the un-
frozen soil—structure interface and the frozen sand—
concrete interface.

4.1.2 Influence of temperature

The influence of the negative temperature on the
accumulated plastic shear strain is illustrated in Fig. 10.
When the loading cycles were constant, the higher the
temperature, the greater the accumulated plastic shear
strain (Fig. 10). With higher initial normal stress, the
increment in accumulated plastic shear strain of the
frozen sand—concrete interface increased rapidly with

-2°C-100 kPa — —=—--5°C-100 kPa -8 °C-100 kPa

-2°C-200 kPa — =%X— - -5°C-200 kPa —»—— -8 °C-200 kPa

-2°C-300 kPa — —%— - -5°C-300 kPa —%—— -8 °C-300 kPa
e 035F
F 030Ff
?
G 025}
Q
K
o 020
E
5 015}
ks
z 010r
=
E 005}
Q
Q
< 0.00 . L L . . L L L N ;

1 2 3 4 5 6 7 8 9 10
Loading cycles
(a)
0.35

Accumulated plastic shear strain (%)

0 1 2 3 4 5 6 7 8 9 10
Loading cycles

(b)

Fig. 10 Accumulated plastic shear strain with different
initial normal stresses and temperatures versus loading
cycles under CNL and CNH: (a) CNL, £=0.2; (b) CNH, k=
0.2



increasing temperature at a certain cyclic-loading am-
plitude under CNL and CNH. Therefore, the depen-
dence of plastic behaviour on the negative tempera-
ture was significant. The strength of frozen sand—
concrete interfaces is higher than that of unfrozen
sand—concrete interfaces; this can be mainly attribut-
ed to the cementing of ice between the sand and con-
crete and indicates that the unfrozen water film sur-
rounding the soil particles affects the strength of the
frozen sand—concrete interface (Akagawa and Nishi-
sato, 2009; Lai et al., 2009a). When the initial mois-
ture content was constant, the unfrozen water film be-
came thinner as the temperature of the frozen sand—
concrete interface decreased, contributing to a higher
strength of the frozen interface that can resist the de-
formation. When the loading cycles were constant,
the accumulated plastic shear strain and accumulation
increment were lower when the temperature was low-
er, as shown in Fig. 10.

4.1.3 Influence of cyclic shear stress amplitude

Tests of the frozen sand—concrete interface were
conducted with different cyclic-loading amplitudes at
identical initial normal stress, three different negative
temperatures, and different boundary conditions. As
the loading cycles continued, more plastic shear strain
was accumulated and the similar accumulation curves
were observed under different cyclic-loading ampli-
tudes. In each cyclic loading test, the accumulation in-
crement decreased as the loading cycles increased.
Furthermore, increasing cyclic-loading amplitude con-
tributed to increasing accumulated plastic shear strain
when the loading cycles were constant, as illustrated
in Fig. 11.

4.1.4 Influence of boundary conditions

The accumulated plastic shear strain and accu-
mulation increment of CNH were higher than those of
CNL at a given initial normal stress, negative tem-
perature, and cyclic-loading amplitude, as shown in
Figs. 10 and 11. When the initial normal stress and the
cyclic-loading amplitude increased and the negative
temperature decreased, there was a more significant
increase in the accumulation increment of CNH than
that of CNL. For identical initial normal stress with
CNH, when the shear displacement was sufficiently
large, the normal stress decreased during the shearing
of the frozen sand—concrete interface. Hence, a higher
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Fig. 11 Accumulated plastic shear strain with different
cyclic-loading amplitudes and temperatures versus loading
cycles under CNL and CNH: (a) CNL, ¢,,=100 kPa; (b)
CNH, 6,~100 kPa

accumulated plastic shear strain and accumulation
increment of CNH was observed.

4.2 Analysis of accumulation direction

The hypothesis in this study is that the normal
stress acts on the entire test sample and the shear load
acts only on the interface. As observed in previous
studies, the vertical displacement u, measured at the
top of the specimen is different from the vertical dis-
placement 1, measured at the top of the frozen sand—
concrete interface after the application of the initial
normal stress in the initial phase of a direct shear test,
hereafter referred to as the normal relative displace-
ment, as shown in Fig. 2. The relationship between
the variables can be expressed as follows (Pra-ai and
Boulon, 2017):

7:;’ (3)
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where / is the initial height of the specimen, and 7 is
the initial thickness of the frozen sand—concrete inter-
face, where h#=t. The thickness of the frozen sand —
concrete interface needs to be obtained from experi-
ment or taken as an empirical value based on previous
studies (Lashkari, 2012; Saberi et al., 2016; Yang et
al., 2016). For simplicity, in this study, u, was select-
ed as the normal displacement of the frozen sand—
concrete interface. The normal displacement was de-
fined as compression.

We investigated the development trend of the ac-
cumulated plastic volumetric strain &), with increas-

nng

ace
tng

ing accumulated plastic shear strain ¢

The direction of the accumulated plastic strain
increment was defined by a vector R and a non-
associated flow rule was introduced based on the elas-
toplastic constitutive model established by Lashkari
(2012, 2013) and Saberi et al. (2016, 2018b). The di-
rection of the plastic strain increment was introduced

as follows:

gl

where f'is the yield function of interface, and 7 is the
shear stress of interface. Eq. (4) indicates that R, is de-
fined along the shear direction of the yield surface,
which determines the plastic shear displacement du?,
and R, is defined as the dilatancy coefficient d to de-
termine the plastic normal displacement du?. The di-

acc p
n,n; u,

|deee| | dut |
the direction of plastic shear strain accumulation; s in
Eq. (4) is an auxiliary parameter, and |s| =1 (Lash-
kari, 2012, 2013). The relationships between accumu-
lated plastic volumetric strain and accumulated plastic
shear strain influenced by initial normal stress, nega-
tive temperature, and cyclic-loading amplitude, were
observed in Figs. 12—16. The results showed that the
accumulated plastic volumetric strain increased rapid-
ly with increasing accumulated plastic shear strain,
and the increasing trend was non-linear. Also, ac-
cording to Eq. (4), the accumulated direction is de-
fined as the slope of the curve of &i*-gi. Therefore,
an empirical function is formulated to describe their
relationship as

latancy coefficient d=R,= determines

&=k [exp(aef“) - 1}, )

and then the direction of accumulated plastic strain
can be obtained using Eq. (5):

dey* du?
d=R,=—"— =" =kaexp(ae"), 6
de] ™ [du| p(aer),  (6)
d,=xa, 7

where d, is the initial direction of accumulated plastic
strain. In particular, ¥ and « are the fitting parameters
from Egs. (5) and (6). The accumulated strain paths
&gl from the tests with different initial normal
stresses, negative temperatures, and cyclic-loading
amplitudes were analysed with respect to their influ-
ences on the accumulated direction, as presented in
the following sections.

4.2.1 Influence of initial normal stress

acc_ acc

The accumulated plastic strain paths &i*-&
different initial normal stresses are depicted in Fig. 12.

at

The results show that the plastic volumetric strain
accumulated with decreasing initial normal stress
when the accumulated plastic shear strain was con-
stant, and the accumulation progressed as the accumu-
lated plastic shear strain grew when the initial normal
stress was constant. However, the increment in accu-
mulated plastic volumetric strain decreased with in-
creasing accumulated plastic shear strain when the ini-
tial normal stress was constant. The accumulated plas-
tic strain was mainly affected by shear strain. The
variations of the parameters (the initial direction of ac-
cumulated plastic strain d, and the fitting parameters x
and a) in Egs. (5) and (6) with the initial normal
stress, are presented in Fig. 13. Figs. 13a and 13c
show that d, and x decreased as the initial normal
stress increased. Fig. 13b reveals that o was irregular
when the initial normal stress increased in all tests, in-
dicating that the initial normal stress had no effect
on a.

4.2.2 Influence of temperature

Fig. 14 presents the accumulated plastic strain
paths &:*-&i* obtained in the tests conducted at differ-
ent temperatures, and exhibits clear trends. The ac-
cumulated plastic volumetric strain increased sig-

nificantly with decreasing temperature at a given
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accumulated plastic shear strain, and the increment
in the accumulated plastic volumetric strain decreased
with increasing accumulated plastic shear strain at a
given negative temperature, as shown in Fig. 14. The
effects of different temperatures on the parameters (d,,
%, and @) in Egs. (5) and (6) are illustrated in Fig. 15.
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d, and x increased significantly with decreasing
temperature and approached given values when the
temperature increased. a decreased slightly with de-
creasing temperature, and the variations at different
temperatures were slight. Therefore, o was deemed in-
dependent of the temperature.

4.2.3 Influence of cyclic-loading amplitude

Fig. 16 depicts the accumulated plastic strain paths

acc

ex-e* under different cyclic-loading amplitudes.
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The plastic volumetric strain increased as the cyclic-
loading amplitude decreased when the accumulated
plastic shear strain was constant, and the accumula-
tion continued to progress with increasing accumulated

plastic shear strain when the cyclic-loading amplitude
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Fig. 15 Parameters x (a), a (b), and d, (¢) from curves
versus temperature

was constant. The higher the accumulated plastic
shear strain, the lower was the increment in accumu-
lated plastic volumetric strain, when the cyclic-
loading amplitude was constant, as shown in Fig. 16.
The effect of the cyclic-loading amplitude on the ac-
cumulated direction (d,, x, and a) was also investi-
gated. Fig. 17 shows the relationship between the three

parameters and the cyclic-loading amplitude. The
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Fig. 16 Accumulated plastic volumetric strain with
different cyclic-loading amplitudes versus accumulated
plastic shear strain: (a) 7=-2 °C, 7,,=100 kPa; (b) 7=
-5°C, 6,,~200 kPa; (c) 7=-8 °C, 5,,=300 kPa

cyclic-loading amplitude had significant effects on d|,
k, and a. x and d, exhibited an increasing trend when
the cyclic-loading amplitude increased, and o showed
a significant decreasing trend when the cyclic-loading
amplitude increased.
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5 Evolution of peak shear stress and critical
shear stress

5.1 Influence of the initial normal stress

At different negative temperatures and cyclic-
loading amplitudes, the increasing trend of the peak
shear stress with increasing initial normal stress was
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the same as that of the critical shear stress, as shown
in Figs. 18 and 19, where ‘Mon.” denotes the mono-
tonic shear test. A linear relationship was observed
between the peak shear stress and the increasing ini-
tial normal stress and between the critical shear
stress and the increasing initial normal stress, under
both boundary conditions. The peak shear stress of
the frozen sand—concrete interface in the cyclic shear
tests was higher than that in the monotonic shear
tests at a given initial normal stress and negative
temperature, as shown in Figs. 18a and 19a. Howev-
er, there was a slight difference in the critical shear
stress between the cyclic and monotonic shear tests,
as shown in Figs. 18b and 19b.
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Fig. 18 Peak shear stress (a) and critical shear stress (b)
with different temperatures and cyclic-loading amplitudes
versus initial normal stress under CNL

5.2 Influence of temperature

The influences of the negative temperature on the
peak shear stress and critical shear stress with respect
to different initial normal stresses and cyclic-loading
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Fig. 19 Peak shear stress (a) and critical shear stress (b)
with different temperatures and cyclic-loading amplitudes
versus initial normal stress under CNH

amplitudes under CNL and CNH are illustrated in
Figs. 20 and 21, respectively. As shown in Figs. 20a
and 21a, both boundary conditions had a common
rule: the lower the temperature, the higher the peak
shear stress. Also, the peak shear stress under cyclic
shear stress was higher than that under monotonic
shear stress. The critical shear stress was independent
of temperature under both boundary conditions,
and the critical shear stress was not influenced by
the cyclic-loading amplitude, as shown in Figs. 20b
and 21b. The primary influencing factors on the fro-
zen sand—concrete interface were the ice-cementing
strength and the friction between the sand and con-
crete. The ice-cementing strength deteriorated after
the peak point of the stress—strain curve, and the shear
strength at the residual shear stage of the frozen inter-
face was supported by the friction strength between
the frozen sand and concrete. Therefore, the critical
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Fig. 20 Peak shear stress (a) and critical shear stress (b)
with different initial normal stresses and cyclic-loading
amplitudes versus temperature under CNL

shear strength of the frozen interface was independent
of the negative temperature.

5.3 Influence of cyclic-loading amplitude

The development trends of the peak shear stress
and critical shear stress with increasing cyclic-loading
amplitude, under CNL and CNH, are presented in
Figs. 22 and 23, respectively. According to Figs. 22a
and 23a, the peak shear stress of the frozen sand-
concrete interface increased with the cyclic-loading
amplitude at a given negative temperature and initial
normal stress and under both boundary conditions.
In addition, the cyclic-loading amplitude had no in-
fluence on the critical shear stress, as observed in
Figs. 22b and 23b.

5.4 Influence of boundary condition

As can be observed from Figs. 18—23, the peak
shear stress and critical shear stress under CNL of the
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Fig. 21 Peak shear stress (a) and critical shear stress (b)
with different initial normal stresses and cyclic-loading
amplitudes versus temperature under CNH

frozen interface at a given negative temperature and
cyclic-loading amplitude were almost the same as
those under CNH. A higher peak shear stress and low-
er critical shear stress were observed under CNH than
those under CNL; this observation was consistent
with the influence of the boundary condition on the
peak shear stress and critical shear stress in the mono-
tonic shear tests. This behavior can be attributed to
the dilatancy of ice between sand and concrete, which
occurred during initial shearing and led to a higher
normal stress under CNH. Moreover, the normal
stress was constant under CNL, which led to a higher
peak shear stress under CNH. Ice failure of the ce-
menting strength and compression of the frozen sand—
concrete interface occurred with increasing displace-
ment in the shear, leading to a lower normal stress un-
der CNH. Therefore, the critical shear stress under
CNH was lower than that under CNL.
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Fig. 22 Peak shear stress (a) and critical shear stress (b)
with different initial normal stresses and temperatures
versus cyclic-loading amplitude under CNL

6 Conclusions

This study investigated the elastoplastic charac-
teristics of a frozen sand—concrete interface using a
self-developed large-scale direct shear apparatus. The
elastoplastic behavior of the frozen sand—concrete in-
terface was evaluated and compared under various ini-
tial normal stresses, negative temperatures, cyclic-
loading amplitude, and boundary conditions. The
main conclusions of this study are as follows:

(1) The initial elastic shear modulus and cyclic
elastic shear modulus increase when the initial normal
stress increases and temperature decreases. However,
the cyclic-loading amplitude has a negligible influ-
ence on the elastic shear modulus (including the ini-
tial elastic shear modulus and cyclic elastic shear
modulus) under cyclic shear stress. The cyclic elastic
shear modulus fluctuates within a small range when
the cyclic-loading amplitude increases, indicating that
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------- -5 °C-100 kPa
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(b)

Fig. 23 Peak shear stress (a) and critical shear stress (b)
with different initial normal stresses and temperatures
versus cyclic-loading amplitude under CNH

the cyclic-loading amplitude has a slight influence on
the cyclic elastic shear modulus.

(2) The relationship among the elastic shear
modulus under monotonic shear stress, initial elastic
shear modulus, and cyclic elastic shear modulus un-
der cyclic shear stress can be described by an expo-
nential function.

(3) Under CNL and CNH, the plastic shear strain
of frozen sand-—concrete interfaces increases and the
accumulation increment of the frozen sand—concrete
interfaces decreases, when the loading cycles increas-
es. Moreover, the lower the temperature, the lower the
increment in accumulated plastic shear strain, which
increases with normal stress at a given cyclic-loading
amplitude. The lower the initial normal stress, the less
the increment in accumulated plastic shear strain,
which increases with negative temperature at a given
cyclic-loading amplitude.

(4) The effects of the initial normal stress, nega-
tive temperature, and cyclic-loading amplitude on the
accumulated plastic shear strain and accumulated



plastic volumetric strain are significant. The accumu-
lated plastic shear strain and accumulated plastic volu-
metric strain increase with increasing initial normal
stress, increasing cyclic-loading amplitude, and de-
creasing temperature in the same loading cycle.

(5) The test results show that an exponential
function can describe the relationship between the di-
rection of accumulated plastic strain increment and
the accumulated plastic shear strain. We analysed the
relationships between the direction of accumulated
plastic strain increment and the initial normal stress,
negative temperature, and cyclic-loading amplitude in
detail.

(6) When the initial normal stress increases, the
temperature decreases, and the cyclic-loading ampli-
tude increases, under CNL and CNH, the peak shear
stress increases significantly. The experimental results
confirmed these behaviors. The critical shear stress
increased with the initial normal stress under both
boundary conditions. However, the critical shear
stress is independent of the negative temperature
and cyclic-loading amplitude under both boundary
conditions.

(7) The peak shear stress under CNH is higher
than that under CNL, and the critical shear stress un-
der CNH is lower than that under CNL at a given ini-
tial normal stress. The accumulated plastic shear
strain under CNL is higher than that under CNH.

(8) The elastoplastic behaviour of the frozen
sand—concrete interface in this study is consistent
with certain behavioural aspects of the unfrozen
sand —concrete interface. However, the ice cementa-
tion between the soil and concrete results in specific
mechanical behaviors of the frozen soil—concrete in-
terface, which indicate that an appropriate constitutive
model should be established for frozen sand—concrete
interfaces under cyclic shear loading.
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