
Contents lists available at ScienceDirect

Cold Regions Science and Technology

journal homepage: www.elsevier.com/locate/coldregions

Freeze-thaw cycling impact on the shear behavior of frozen soil-concrete
interface

Pengfei Hea,b,e, Yanhu Mub, Zhaohui Yang (Joey)c,⁎, Wei Mab,e, Jianhua Dongd,
Yongting Huangb,e

a School of Science, Lanzhou University of Technology, Lanzhou 730050, China
b State Key Laboratory of Frozen Soil Engineering, Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences, Lanzhou 730000, China
c College of Engineering, University of Alaska Anchorage, Anchorage, AK 99508, USA
d School of Civil Engineering, Lanzhou University of Technology, Lanzhou 730050, China
eUniversity of Chinese Academy of Science, Beijing 100049, China

A R T I C L E I N F O

Keywords:
Freeze-thaw
Frozen soil-concrete interface
Peak and residual displacement
Shear strength parameters
Direct shear test

A B S T R A C T

The shear behavior of a frozen soil-structure interface plays a vital role in analyzing the performance of en-
gineered structures in cold regions. This study investigates the freeze-thaw cycling impact on the shear behavior
of a frozen soil-concrete interface by direct shear tests. Test specimens consisting of a Portland cement concrete
disk and frozen loess with an initial moisture content ranging between 9.2% and 20.8% were prepared and
conditioned at various sub-zero temperatures (i.e., −1 °C, −3 °C, and− 5 °C) and freeze-thaw (F-T) cycles (i.e.,
0, 5, 10, and 20). Experimental results, including shear stress - horizontal displacement curves, the displace-
ments and shear strengths at both peak and residual status, are presented and analyzed. In particular, the in-
fluence of F-T cycling on shear behavior is examined. The peak displacement is found to increase linearly with
increasing initial moisture content, but their correlation weakens as the number of F-T cycling increases.
However, the residual displacement is found to be insensitive to the initial moisture content, temperature,
normal stress, and F-T cycling. While the residual friction angle is slightly larger than the peak one before F-T
cycling, both gradually increase with an increasing number of F-T cycling. Large cohesion in the peak strength,
especially at lower temperatures, completely diminishes in the residual strength due to damage of ice bondage,
resulting in a significant shear strength loss between the peak and residual status. The impact of F-T cycling on
the interface shear behavior can be attributed to moisture migration toward, formation and accumulation of ice
films at the interface. The findings from this study including the shear strength parameters and the displacements
at both peak and residual status, can be used to simulate the performance of engineered geotechnical assets such
as pile foundations, retaining walls, and earth dams or irrigation channels with concrete linings in cold regions.

1. Introduction

The shear behavior of a frozen soil-structure interface is of great
importance in analyzing the performance of engineered geotechnical
assets, such as pile foundations, retaining walls, canal works and box
culverts that involve soil-structure interaction, in the broad cold re-
gions, as many failures have been attributed to seasonal ground
freezing (Bondarenko and Sadovskii, 1975; Volokhov, 2003; Weaver
and Morgenstern, 1981; Wen et al., 2016). Fig. 1a illustrates the frozen
soil surrounding a reinforced-concrete gravity retaining wall in the
winter season and the shear forces acting at the frozen soil-concrete
interface (Lai et al., 2002; Rui et al., 2016; Zhu and Michalowski,
2013). The frost heave generally occurs in the direction of heat flux,

resulting in shear and normal stress on the back of the retaining wall
and the shear resistance at the base of the wall. These stresses can cause
excessive deformation, stress, or even structural failure. For example, a
number of precast concrete panels of a Mechanically Stabilized Earth
wall in the western United States collapsed in early spring 2007, due to
relative displacement or slip between the soil and the wall caused by
frost heave (Neely, 2010). The behavior of the interfaces between the
retaining wall base and the foundation soil and between the fill material
and retaining wall plays pivotal roles in the performance of retaining
walls in the winter season. Fig. 1b depicts the winter season loading
conditions of concrete surface linings commonly used as a seepage
barrier on earth- or rock-fill embankments, dams, or waterway, or in
highway drainage channels. The concrete lining is under the combined
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loading of ice pushing, frost heave force, and shear resistance afforded
by the soil-concrete lining interface (Qing et al., 2011; Wei, 2007; Woo
et al., 2009) and is susceptible to damage. Severe and wide-spread
damage was reported to occur in concrete linings of dams near the
water level (Sun et al., 1998; Qing et al., 2011) and railway embank-
ment drainage trench (Tian et al., 2019), and in other hydraulic
structures (e.g., Hirayama, 1976; Sadzevicius et al., 2013). The shear
strength of the soil-structure interface is also a crucial factor for as-
sessing the bearing capacity and long-term stability of infrastructure
embedded in the frozen ground (Aldaeef and Rayhani, 2018;
Bondarenko and Sadovskii, 1975; Parameswaran, 1978; Wen et al.,
2016).

Many researchers have studied the shear behavior of the soil-
structure interface via field tests (Penner and Irwin, 1969; Johnston and
Ladanyi, 1972; Parameswaran, 1978; Biggar and Sego, 1993a, 1993b;
Feng et al., 2016), laboratory experiments (Andersland and Alwahhab,
1982; Liu et al., 2014a, 2014b; Wen et al., 2016; Aldaeef and Rayhani,
2017, 2018), and theoretical or numerical analyses (Foriero and
Ladanyi, 1995; Liu and Ling, 2008; Liu et al., 2014a, 2014b). In par-
ticular, Liu et al. (2014a, 2014b) studied the shear behavior of frozen
soil-concrete interfaces by a large-scale direct shear test system at
subzero temperatures and their results show that temperature and
moisture content have a significant effect on the peak shear strength,
but have little impact on the residual shear strength. Several studies
(Shi et al., 2018; Wang et al., 2019; Zhao et al., 2014) focused on the
interface behavior of artificial frozen soil-steel interface commonly
encountered during shield tunneling by Tunnel Boring Machine and
found that temperature and surface roughness have significant impact
on the interface shear behavior including both the peak and residual
shear strengths. Wen et al. (2016) investigated the adfreeze strength of
frozen soil-fiberglass reinforced plastic interface by direct shear tests
and concluded that the cohesion is controlled by temperature and
moisture content and the friction angle is, however, only affected by
moisture content. Lv and Liu (2015) and Zhao et al. (2014) studied the
dynamic shear properties of the interface between frozen soil and
concrete or steel and found that the peak shear stress decreases quickly
at the beginning and then gradually stabilizes with an increasing
number of cyclic shearing. These studies show that the shear strength
depends mainly on the strengths of the interface materials, including
the soil and the counteracting materials, initial water or ice content of
frozen soil, temperature, normal stress, loading rate, among others.

Freeze-thaw (F-T) cycling in seasonally frozen soil or the active
layer of permafrost not only affects soil mechanical properties but also
the shear behavior at the frozen soil-structure interface and its impact
should be accounted for in cold regions engineering (Qi et al., 2008;
Choi et al., 2014). Many researchers have reported that F-T cycling can
significantly alter soil physical properties including particle size dis-
tribution, Atterberg limits, dry density, and permeability, and me-
chanical properties (Viklander and Eigenbrod, 2000; Shen, 2004; Qi
et al., 2008; Gutierrez et al., 2008; Li et al., 2012). More specifically,

Viklander (1998) noted that F-T cycling could lead to the densification
of loose soils and loosening of dense soils. Zhang et al. (2016) pointed
out that F-T cycling can induce fragmentation of coarse particles and
aggregation of fine particles, and the particle size tends to become
homogeneous. Liu et al. (2016) showed that F-T cycling has a sig-
nificant influence on the mechanical properties of silty sand and found
that the elastic modulus and strength can decrease by up to 45% after
12 cycles. Li et al. (2018) studied the influence of F-T cycling on loess
and found that the unconfined compressive strength, elastic modulus,
and cohesion decrease with increasing F-T cycles, whereas the axial
compression strain increases. Additionally, F-T cycling was found to
induce complex moisture migration in porous materials, including soils
and concrete (Shoop and Bigl, 1997; Škerget et al., 2018), therefore
altering the moisture distribution at a soil-structure interface. These
actions associated with F-T cycling, as pointed out by previous studies,
can lead to changes in soil particle re-arrangement, moisture re-dis-
tribution, and contact conditions, which in turn can induce a significant
impact on the shear behavior of soil-structure interfaces.

In summary, most existing studies focused on the shear strength of a
frozen soil-structure interface or the F-T cycling impact on the me-
chanical properties of soils. The shear displacement at which the peak
strength occurs and the impact of F-T cycling on the shear behavior of a
frozen soil-structure interface was largely ignored. This paper aims to
investigate the shear behavior of a frozen soil-concrete interface, in-
cluding both shear strength and displacement characteristics and the
impact of F-T cycling on the interface shear behavior. Factors con-
sidered include temperature, initial moisture content, normal stress,
and the number of F-T cycling. Results including the shear stress-hor-
izontal displacement relationship, peak and residual shear strengths,
and displacements of the interface are presented and analyzed.

2. Experimental procedure

A direct shear apparatus was used to collect experimental data on
the shear behavior of frozen soil-concrete interfaces. This section de-
scribes the test soil and concrete, interface specimen preparation pro-
cedure, F-T cycling, and testing procedure.

2.1. Test soil and concrete

The soil used in this study was sampled from a shallow surface layer
of loess in Gansu Province, China. The soil was naturally dried, crushed
by a roller, and then passed through a sieve of 2-mm openings. The soil
has the following index properties: specific gravity Gs=2.70, liquid
limit LL=26.3%, plastic limit PL=18.2%, plasticity index PI=8.1%,
the maximum dry density ρd-max=1.912 g/cm3, and the optimum
moisture content ωopt=13.0%. Fig. 2 shows the grain-size distribution
obtained by the laser diffraction method (The standard ISO 13320-
1:1999). The soil was classified as sandy lean clay (CL) according to the
unified soil classification system. The internal friction angle of soil with

Fig. 1. Engineering examples involving the interaction at frozen soil-concrete interfaces: (a) retaining walls, and (b) concrete linings of an earth dam or drainage
channel in cold regions. F is the frost heave force, and Fs is the shear force at the interfaces.
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a dry density of 1.68 g/cm3 at the optimum moisture content was found
to be 29.0° (Li et al., 2018). For preparing test soils, distilled water was
added to dry soil to achieve a certain target initial moisture content by
weight. The soil sample was then fully mixed, sealed, and stored for
12 h at 20 °C to ensure uniform moisture distribution. Since the natural
moisture content of soil generally varies from 10%–20%, four initial
moisture contents (wi), i.e., 9.2%, 13.1%, 17.1%, and 20.8%, corre-
sponding to the degree of saturation (Sr) of 36.7%, 52.3%, 68.2%, and
83.0%, respectively, was chosen to investigate its effects on the shear
behavior of the soil-concrete interface. It is worth noting that there is
0.8% salt (primarily sodium chloride) in the soil, and the initial freezing
point decreases from – 0.98 °C to – 2.88 °C when the initial water
content decreases from 21% to 9% (Wu et al., 2019).

Concrete disks with 20mm in height and 61.8 mm in diameter were
made from mortar consisting of ordinary Portland cement (Grade 32.5),
natural river sand, and water by a mix ratio of 1.8:3:1. All samples were
cured for 28 days after pouring (GBJ-82-85, 1997). Particles larger than
4.75mm were removed from the river sand to minimize size effects and
maintain consistent surface roughness. Note that the height of the
concrete disks was precisely controlled to 20mm for the induced shear
failure plane to be aligned with the soil-concrete interface in a direct
shear box.

2.2. Soil-concrete specimen preparation

Containers with a height of 40mm and an inner diameter of
61.8 mm were used to prepare soil-concrete specimens as follows. A
thin layer of Vaseline was applied on the container internal surface to
provide lubrication and allow easy specimen extrusion. A concrete disk
was then slid into a container, as shown in Fig. 3a. The prepared soil
was subsequently placed on top of the concrete disk and compacted to a
target dry density of 1.68 g/cm3 and a height of 20mm. The soil-con-
crete specimen, together with the container, was immediately sealed
with plastic film after preparation and stored in an environmental
chamber for 24 h to allow quick freezing at −20 °C. No significant
change in height was observed after freezing. The specimens were then
extruded by a hydraulic jack. No concrete spalling or damage to frozen
soil was observed after extrusion, as exemplified in Fig. 3b. Before shear
testing, all specimens were conditioned to selected test temperatures for
12 h. Three test temperatures, i.e., −1 °C, −3 °C and− 5 °C, were
considered. A previous study (He et al., 2018) found that the average
peak friction angle at the soil-concrete interface at 20 °C was 28°.

2.3. Freeze-thaw cycling

During the F-T cycling of the specimens, the temperature varied
between −20 °C and 20 °C based on the observed temperatures in the
study site, as illustrated in Fig. 4. In a signal F-T cycle, the specimens
were subjected to freezing in an environmental chamber with the
temperature set at −20 °C for a period of 12 h and then thawed at 20 °C
for 12 h. This procedure was repeated for selected number of cycles,
i.e., 0, 5, 10, or 20. After F-T cycling, specimens were placed in an
environmental chamber set at a certain test temperature for 12 h to
allow thermal equilibrium. Three test temperatures, i.e., −1 °C, −3 °C,
and− 5 °C, were selected to investigate the temperature effects.

2.4. Testing procedure

All tests were carried out by using a four-unit joint direct shear
apparatus by displacement control, as illustrated in Fig. 5. A constant
shear displacement rate of 0.8 mm/min was applied to the lower half of
the shear boxes during testing. It is noted that the shear displacement
was applied to the four units simultaneously, and the shear force was
measured at each unit. Due to equipment limitations, the vertical dis-
placement during shearing was not measured. The normal stress ap-
plied to the soil-concrete interface (σN) was 50 kPa, 100 kPa, 200 kPa,
or 300 kPa. During testing, the apparatus was placed in a cold room
with its temperature-controlled to within± 0.5 °C of the test tempera-
ture. The containers with the specimens installed were covered by in-
sulation material and installed quickly to the direct shear apparatus to
minimize the disturbance to the specimen temperature. As the direct
shear test can be conducted within 10min, the fluctuation of

Fig. 2. Grain-size distribution of the test soil.

Fig. 3. Specimen preparation: (a) a container with a concrete disk placed in the
container, and (b) a typical soil-concrete specimen after extrusion.

Fig. 4. Thermal paths during F-T cycling and conditioning. n is the number of F-
T cycles.
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temperature in the cold room was believed to have very limited, if any,
influence on the specimen temperature. In summary, there are a total of
192 cases, considering all possible combinations of the four testing
parameters, including wi (9.2%, 13.1%, 17.1%, and 20.8%), T (−1 °C,
−3 °C, and− 5 °C), F-T number (0, 5, 10, and 20), and normal stress σN
(50 kPa, 100 kPa, 200 kPa, and 300 kPa).

3. Experimental results

3.1. Shear stress vs. displacement

In general, the shear stress - horizontal displacement curves from
this study exhibited a strain-softening behavior, as also observed in
other studies (Liu et al., 2014a, 2014b; Shi et al., 2018; Ji et al., 2019).
Fig. 6 illustrates a typical shear stress τ vs. shear displacement δ curve,
which can be divided into three stages: pre-peak, post-peak, and re-
sidual. At the pre-peak stage, the shear stress increases with increasing
displacement until it reaches a maximum value. The maximum shear
stress is defined as the peak shear strength, τp, and the displacement at
which τp occurs is defined as the peak displacement, δp. Within this
stage, the ice crystal is intact at the initial linear portion, followed by a
curvilinear portion when the ice crystal is ruptured, and the resistance
is mobilized (Biggar and Sego, 1993a, 1993b). Toward the end of this
stage, the contribution from ice crystals to the shear resistance reaches
a maximum, helping achieve a peak in the shear stress-displacement
curve. In the post-peak stage, a significant reduction occurs in the shear
stress due to quickly decreasing adhesion as the ice bondage at the
interface begins to break with increasing displacement (Peretrukhin
et al., 1978). The shear stress stabilizes as the displacement increases
and eventually remains unchanged in the residual state. The shear
stress that remains constant with increasing displacement is defined as

the residual strength (τr), and the displacement corresponding to the
first occurrence of τr is defined as the residual displacement, δr.

Figs. 7 through 9 display selected shear stress vs. horizontal dis-
placement curves to illustrate the impact of F-T cycling, temperature,
initial moisture content, and normal stress. Note that the device tended
to have issues with the control system when the shear stress experi-
enced a peak value but recovered when the shear stress stabilized. This
issue resulted in a gap in the data in the post-peak stage but did not
affect the analyses as it was still possible to reliably identify the peak
and residual shear stress as well as the corresponding displacements for
all cases. Fig. 7 compares the interface shear behavior for different
numbers of F-T cycling and temperatures at wi=13.1% and
σN=200 kPa. It is seen from Fig. 7 that F-T cycling had some impact on
the peak and residual stresses and corresponding displacements, al-
though no clear trend can be observed. For instance, τp increases with
an increasing number of F-T cycling at −1 °C as shown in Fig. 7a. The
same cannot be observed in Fig. 7b and c for −3 °C or− 5 °C. Com-
paring Fig. 7a, b and c, it is clear that the temperature had a significant
impact on the peak shear strength but small or no impact on the re-
sidual strength, and its effect on the corresponding displacements is not
prominent. Specifically, τp increases consistently with decreasing tem-
perature under said moisture and normal stress conditions.

Fig. 8 compares the shear behavior at T=−5 °C and σN=100 kPa
for different initial moisture contents. It is seen that the initial moisture
content had a consistent influence on the peak shear strength and
moderate impact on the corresponding displacement but little on the
residual strength and displacement. The peak shear strength and dis-
placement tend to increase as the initial moisture content increases.
Fig. 9 compares the shear behavior at T=−1 °C and wi=9.2% for
different normal stresses. At a given number of F-T cycling, the peak
and residual shear stresses generally increased with increasing normal
stress. However, the impact of normal stress on the peak and residual
displacements is not significant. It is interesting to observe that, while
most of the stress-displacement curves exhibit a strain-softening beha-
vior, the curve for σN=300 kPa and 20 F-T cycles in Fig. 9c displays a
strain-hardening behavior, likely due to suppression to the dilatancy at
higher normal stress.

3.2. Peak and residual displacements

As mentioned previously, little attention has been paid to the dis-
placements, which are as important as the strengths for describing the
shear behavior of a frozen soil-structure interface (Andersland and
Alwahhab, 1982). Figs. 10 and 11 respectively describe the variation of
the peak and residual displacements with various factors, including the
initial moisture content, F-T cycling, temperature, and normal stress. It
is noted that the residual displacement was selected where the shear
stress remained constant or experienced little change with increasing
displacement (Fig. 6). It is apparent from Fig. 10 that the peak dis-
placement almost increased linearly with increasing initial moisture
content (Fig. 10a), but was insensitive to F-T cycling (Fig. 10b), tem-
perature (Fig. 10c), and normal stress (Fig. 10d). The residual dis-
placement shown in Fig. 11, however, seems insensitive to all of these
four factors.

It would be worthwhile to examine how the trend between the peak
displacement and initial moisture content varies with F-T cycling.
Fig. 12 shows the peak displacement vs. initial moisture content at an
increasing number of F-T cycling. Also displayed in Fig. 12 is a linear
relationship, δp= a+ b wi, obtained by the best fitting. Table 1 lists the
parameters a and b of the linear relationship, the coefficient of de-
termination, R2, and the standard deviation, SD. It is seen from Fig. 12
and Table 1 that, while the linear trend holds for specimens subjected to
0, 5, and 10 F-T cycles, the slope of the linear relationship, i.e., b,
showed a decreasing trend and the scattering in the data increased, as
evidenced by the decreasing value of R2 and increasing value of SD.
After 20 F-T cycles, the value of R2 became so small that the peak

Fig. 5. Illustration of the direct shear apparatus with a soil-concrete specimen
installed.

Fig. 6. Typical shape of a shear stress – horizontal displacement curve of a
frozen soil-structure interface.
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displacement can be deemed as independent of the initial moisture
content. This phenomenon was likely the result of moisture migration
toward the interface during F-T cycling, which will be revisited in the
Discussions section. The arithmetic mean (AM) of the peak displace-
ment was found to be 0.8 mm, and the SD was 0.4 mm, which can be
used to describe the peak displacement of the interface.

As the residual displacement was shown to be insensitive to any of
the four test variables, all data points were displayed against the initial
moisture content in Fig. 13 for ease of visualization. It was found that
the residual displacement varied between 1mm and 5mm with a mean
of 3.3 mm and an SD of 1.0mm. The residual strength was chosen as the
shear stress corresponding to the upper end of residual displacements,
i.e., 5 mm, for all specimens.

3.3. Peak and residual strengths

There is no doubt that the peak shear strength is a crucial parameter
as it describes the maximum shear resistance at a soil-structure

interface. Fig. 14 describes typical variations of τp vs. F-T cycles for all
wi, T under selected σN. Note that the data corresponding to 20 F-
T cycles for wi=9.2% and T=−5 °C under σN=300 kPa was not
available, but it did not affect the observation of the overall trend. It is
seen from Fig. 14 a and b that, for the same wi and σN, the value of τp
overall increased with decreasing temperature, which is expected as
more pore water freezes at the interface at a lower sub-freezing tem-
perature and the shear strength of ice also increases with decreasing
temperature (Liu et al., 2014a, 2014b; Zhao et al., 2014; Wen et al.,
2016; He et al., 2018). One can also see that, as the number of F-T
cycling increased, the value of τp remained almost constant under
σN=50 kPa and increased slightly under σN=300 kPa for both
T=−1 °C and− 3 °C. At T=−5 °C, however, both F-T cycling and wi

had a significant impact on τp. Specifically, τp increased from 64.8 kPa
to 160.0 kPa after 20 F-T cycles for specimens with wi=9.2%. At
higher values of wi, i.e., 13.1%, 17.1%, and 20.8%, τp demonstrated a
decreasing trend with F-T cycles, which is especially evident for low σN
value (e.g., 50 kPa, Fig. 14a). At a higher σN (e.g., 300 kPa, Fig. 14b),

Fig. 7. Comparison of the interface shear behavior at wi=13.1% and σN=200 kPa for different F-T cycles and temperatures: a) –1 °C, b) –3 °C, and c) –5 °C.

Fig. 8. Comparison of the interface shear behavior at T=−5 °C and σN=100 kPa for increasing initial moisture content: a) wi=9.2%, b) wi=13.1%, and c)
wi=20.8%.

Fig. 9. Comparison of interface the shear behavior at T=−1 °C and wi=9.2% for increasing normal pressure: a) σN=100 kPa, b) σN=200 kPa, and c)
σN=300 kPa.

P. He, et al. Cold Regions Science and Technology 173 (2020) 103024

5



this trend is still visible but somewhat suppressed. Comparing Fig. 14a
with b, one can observe that, for the same wi and T, τp increased sub-
stantially with the increase of σN, implying a significant contribution of
friction to the interface resistance.

Since friction was evidenced to play a big role in the interface shear
behavior, the Mohr-Coulomb shear failure criterion was adopted to
analyze the peak shear strength further:

= +τ c σ ϕtan( )p p N p (1)

where cp is the peak interface cohesion, and ϕp the peak interface
friction angle. Fig. 15 shows the variation of cp vs. F-T cycles for all wi

and T. cp generally increased with decreasing temperature, which is
similar to the overall trend of τp vs. F-T cycles for various T as presented
in Fig. 14, indicating an important contribution of ice adhesion to the
peak interface shear resistance. As shown in Fig. 15a, the minimum and
maximum values of cp at −1 °C were respectively 7.6 kPa and 42.8 kPa,
confirming that no significant ice bondage formed in the interface. It is
seen from Fig. 15b that the minimum and maximum values of cp at

Fig. 10. Variation of the peak displacement with a) moisture content, b) F-T cycling, c) temperature, and d) normal stress.

Fig. 11. Variation of the residual displacement with a) moisture content, b) F-T cycling, c) temperature, and d) normal stress.
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T=−3 °C were respectively 38.2 kPa and 121.9 kPa, which are sig-
nificantly larger than those at −1 °C and indicates that ice adhesion
starts to make a significant contribution to τp. It is also clear from
Fig. 15b that cp is generally larger for higher initial water content since
more pore water was frozen due to a higher initial freezing point (refer
to Section. 2.1). It is worth noting that, at both −1 °C and− 3 °C, F-T
cycling only slightly affected cp for all wi. At −5 °C, however, it is ob-
vious from Fig. 15c that cp increased significantly when compared with

those at higher test temperatures, and F-T cycling had a noticeable
impact. Overall, cp increased with the increase of the moisture content
at the same number of F-T cycles, primarily due to more ice bondage
formed in the interface. It is interesting to observe that, with an in-
creasing number of F-T cycling, cp corresponding to wi=9.2% in-
creases, whereas cp for wi=20.8%, 17.1%, and 13.1% decreases quite
substantially. Specifically, the values of cp corresponding to
wi=20.8%, 17.1%, and 13.1% decreased respectively from 315.6 kPa,
199.2 kPa, and 145.2 kPa to 226.4 kPa, 97.0 kPa, and 66.8 kPa after
20 F-T cycles.

Fig. 16 shows the values of ϕp vs. F-T cycles. One can see that, for all
available T and wi, ϕp increased with increasing F-T cycles. However, it
appears that ϕp is not dependent on wi and T. Hence, the average values
of ϕp for all wi and T at a various number of F-T cycles were computed
and shown in Fig. 16 as well. The average ϕp increased from 30.1° to
39.2° after 20 F-T cycles, or an increase of about 9°. Fig. 16 also shows
that the rise in the average ϕp was minimal when the number of F-T
cycling increased from 10 to 20, indicating a stabilized peak frictional
angle is achieved.

Fig. 17a and b illustrate the variation of τr vs. F-T cycles at all wi and
T under σN= 50 kPa and 300 kPa, respectively. Comparing Fig. 17 with
Fig. 14, one can observe that the values of τr were much smaller than τp,
especially for σN=50 kPa. Overall, can see that the variation of τr with
wi and T was small and the impact of F-T cycling on τr was much less
prominent than on τp, though a gradually increasing trend can be ob-
served in τr for σN=300 kPa. Nonetheless, comparing Fig. 17 a with b,
one can see that the influence of σN on τr is much more pronounced than
that on τp. Similarly, the results were analyzed by the Mohr-Coulomb
shear failure criterion:

= +τ c σ ϕtan( )r r N r (2)

where cr is the residual cohesion, and ϕr is the residual friction angle. cr
was found to be negligible, which confirms that τr arises mainly from
frictional resistance at the interface, as previously reported by Nidowicz
and Shur (1998), Liu et al. (2014a, 2014b), and Lv and Liu (2015).
Fig. 18 a, b, and c depicts the variation of ϕr with F-T cycles for all wi at
T=−1 °C, −3 °C and− 5 °C, respectively. The results again show that
wi and T had little effects on ϕr, whereas F-T cycling increased ϕr. One
can observe that less scattering exists in the variation of ϕr with wi than
in that of ϕp. Therefore, the average values of ϕr for all wi and test

Fig. 12. Peak displacement vs. moisture content for an increasing number of F-T cycles.

Table 1
Parameters of the linear relationship between the peak displacement and initial
moisture content.

Number of F-T cycling a b R2 Standard deviation

0 −0.215 0.067 0.523 0.279
5 0.166 0.034 0.312 0.216
10 0.014 0.043 0.419 0.225
20 0.374 0.028 0.061 0.414

Fig. 13. The residual displacement vs. initial moisture content for all speci-
mens.
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Fig. 14. Typical variations of the peak shear strength with F-T cycles at all initial moisture contents, test temperatures, and selected normal stress: a) σN=50 kPa,
and b) σN= 300 kPa.

Fig. 15. Variation of the peak cohesion with F-T cycles for all initial moisture contents and test temperatures: a) T=−1 °C, b) T=−3 °C, and c) T=−5 °C.

Fig. 16. Variation of the peak friction angle with F-T cycles for different initial moisture contents and test temperatures: (a) T=−1 °C, (b) T=−3 °C, and (c)
T=−5 °C.
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temperatures at various F-T cycles were computed and depicted in
Fig. 18. The average ϕr increased from 33.5° to 39.6° after 20 F-T cycles,
or an increase of about 6°. Again, the plots of the average ϕr vs. F-
T cycles demonstrate a leveling trend at 10–20 F-T cycles, implying that
a stabilized residual frictional angle is reached.

4. Discussions

4.1. General observations on shear strength parameters

Experimental results show that, before F-T cycling, the average ϕr,
i.e., 33.5°, was slightly larger than the average ϕp, i.e., 30.1°. This ob-
servation is consistent with previous studies (e.g., Sadovskiy, 1973).
After 20 F-T cycles, the average ϕp and ϕr increased to the same value,
i.e., 39°. That is to say that no significant variation exists between the
peak and residual friction angles before or after F-T cycling, which is
consistent with Ladanyi and Theriault (1990). Besides, both the peak
and residual interface friction angles at subzero temperatures are

shown to be larger than the interface friction angle and the internal
friction angle of the soil at thawed status. This behavior is not difficult
to explain, as ice crystals not only enhance the interlock between soil
particles but fill in the voids, contributing to the frictional resistance
due to dilatancy. Yet the increase in both the peak and residual inter-
face friction angles before F-T cycling is not significant, due to rela-
tively low moisture content (≤ 20.8%) and degree of saturation (≤
83.0%). Similar results can also be found in Aldaeef and Rayhani
(2018) and Weaver and Morgenstern (1981).

Test results from Figs. 7 through 9 show that significant loss occurs
between the peak and residual strengths of a frozen soil-concrete in-
terface. It is believed that the strength loss mainly stems from the da-
mage of ice bondage, or loss of ice adhesion, as the peak and residual
friction angles do not vary significantly, before or after F-T cycling. This
observation is consistent with the fact that large values of peak inter-
face cohesion diminish to nearly zero in the residual state.

Fig. 17. Typical variations of the residual shear strength with F-T cycles for different initial moisture contents and test temperatures under a) σN= 50 kPa and b)
σN=300 kPa.

Fig. 18. Variation of the residual friction angle with F-T cycles at different temperatures and initial moisture contents.
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4.2. Impact of F-T cycling

It was previously found that, during F-T cycling, the thermal flux
through the soil-concrete interface induced by the higher thermal
conductivity of concrete than soil helps drive the migration of unfrozen
water from adjacent soil into the interface, resulting in the formation of
an ice film at the frozen soil-concrete contact (e.g., Weaver and
Morgenstern, 1981; Shoop and Bigl, 1997; Kim et al., 2003; Mu et al.,
2010). Such ice films were also observed in specimens with higher in-
itial moisture contents (i.e., 13.1%, 17.1%, and 20.8%) during this
study and a previous study with similar soils (Wen et al., 2013). The
moisture migration toward and formation of ice films at the interface
was proved to have a significant influence on the mechanical behavior
of a frozen soil-concrete interface (Sadovskiy, 1973; Ladanyi, 1995;
Volokhov, 2003; Villeneuve, 2018; Weaver and Morgenstern, 1981). It
is expected that the moisture content and degree of ice saturation in the
frozen soil near the interface increases during F-T cycling, resulting in a
significant increase in the peak and residual friction angles (6° to 9°)
due to dilatancy and ice crystal interlock, as observed from this study.

The migration of moisture toward the interface can also help ex-
plain the gradual decrease in the dependence of peak displacement with
the initial moisture content. As moisture migrates toward and accu-
mulates at the interface after a large number of F-T cycling, say 20, it is
the local moisture content of the soil adjacent to the interface that
dominates the peak displacement, rendering the initial moisture con-
tent less significant, as vividly animated by Fig. 12.

Previous studies concluded that the shear strength of a frozen soil-
concrete interface increases with increasing moisture content to a
maximum and then decreases when the soil is supersaturated with ice
(Sadovskiy, 1973; Ladanyi, 1995). For the specimens with a low initial
moisture content such as 9.2%, the peak shear strength at −5 °C in-
creases consistently with an increasing number of F-T cycling (refer to
Fig. 14), due to moisture migration toward and accumulation of more
ice crystals at the interface. For the specimens with higher initial
moisture contents such as 13.1%, 17.1%, and 20.8%, however,
moisture migration during continued F-T cycling can lead to over-
saturation, formation, and gradual thickening of ice films at the inter-
face at low temperatures, resulting in decreased interface shear
strength, as observed in the same figure. Such a trend can also be noted
on the peak cohesion at −5 °C in Fig. 15c, since it is one of the main
components of the peak shear resistance.

5. Conclusions

This study investigated the shear behavior of a frozen soil-concrete
interface by direct shear tests with an emphasis on F-T cycling impact.
Sandy lean clay with different initial moisture contents (i.e., 9.2%,
13.1%, 17.1%, and 20.8%) and Portland cement concrete cylinders
with its height precisely controlled were used to prepare specimens to
ensure that the shear failure occurs at the soil-concrete interface.
Specimens were conditioned at various sub-zero temperatures (i.e.,
−1 °C, −3 °C, and− 5 °C) and F-T cycles (i.e., 0, 5, 10, and 20) to
obtain a series of test curves for analyses of the interface shear beha-
vior. Experimental results including the shear stress-displacement
curves, displacements and shear strengths at both peak and residual
status, were presented and analyzed. Notably, the influence of F-T cy-
cling on the interface behavior including peak and residual displace-
ment and shear strength parameters were examined and discussed. The
following conclusions can be drawn based on the results:

1) The peak displacement exhibits a linear relationship with the initial
moisture content but is insensitive to temperature and normal stress.

2) The correlation between the peak displacement and the initial
moisture content weakens as the number of F-T cycling increases.
The peak displacement becomes almost independent of the initial
moisture content after 20F-T cycles when it varies between 0.2 mm

to 1.8 mm with a mean of 0.8 mm and a standard deviation of
0.4mm.

3) The residual displacement is shown to be independent of the initial
moisture content, temperature, normal stress, and F-T cycling and
found to vary between 1mm and 5mm with a mean of 3.3 mm and a
standard deviation of 1.0 mm.

4) Both the peak and residual friction angles of the frozen soil-concrete
interface are larger than the interface friction angle or the internal
friction angle of the soil at unfrozen status, especially after 10 to
20F-T cycling. While the residual friction angle is slightly larger
than the peak one before F-T cycling, both gradually increase with
an increasing number of F-T cycling. The maximum increase is 6o –
9o after 10 to 20F-T cycles.

5) The significant impact of F-T cycling on the interface shear behavior
can be attributed to moisture migration toward, formation, and
accumulation of ice films at the interface.

The findings from this study will help understand the behavior of a
frozen soil-concrete interface, especially when F-T cycling is concerned.
The shear strength parameters and the peak and residual displacements
can be used to establish interface models for simulating the behavior of
engineered geotechnical structures such as pile foundations, retaining
walls, and earth dams or irrigation channels with concrete linings in the
broad cold regions. Future study should consider more complex en-
gineering conditions, such as uniaxial freezing, water supply, wet-dry
cycling, etc.
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