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Abstract

The interaction between the structure and soil is the key factor for infrastructure stabilization in permafrost engineering. In

this study, the shear mechanical behavior of the interface between concrete and permafrost under different normal stiffness,

temperature and water content is investigated by using the interface direct shear test under temperature-controlled conditions.

The results show that with the increase of temperature and water content, the initial shear stiffness of the interface shear stress-

shear displacement curve gradually increases, and the interface shear strength gradually increases. Different normal stiffnesses

have a small effect on the morphology of the interfacial shear stress-shear displacement curve, but have a significant effect on

the peak shear strength. The peak shear strength increases significantly with the increase of normal stiffness, and this trend

is more obvious with the decrease of temperature. The corresponding interfacial cohesion and friction angle also increase with

the increase of normal stiffness.
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Abstract: The interaction between the structure and soil is the key factor for infrastructure stabilization
in permafrost engineering. In this study, the shear mechanical behavior of the interface between concrete
and permafrost under different normal stiffness, temperature and water content is investigated by using the
interface direct shear test under temperature-controlled conditions. The results show that with the increase
of temperature and water content, the initial shear stiffness of the interface shear stress-shear displacement
curve gradually increases, and the interface shear strength gradually increases. Different normal stiffnesses
have a small effect on the morphology of the interfacial shear stress-shear displacement curve, but have a
significant effect on the peak shear strength. The peak shear strength increases significantly with the increase
of normal stiffness, and this trend is more obvious with the decrease of temperature. The corresponding
interfacial cohesion and friction angle also increase with the increase of normal stiffness.

Keywords: constant normal stiffness; frozen soil; interfacial shear strength; shear; boundary condition

1 INTRODUCTION

Frozen soil is a complex geo-material composed of solid particles, liquid water, gas inclusions and ice crystals.
Currently, the widely accepted definition of frozen soil is soil and rock that have a temperature equal to
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or below 0 and contain ice. The area of frozen soil in the world accounts for about 25% of the total land
area of the earth1-2. The physical and mechanical properties of frozen soil are closely related to changes in
temperature, moisture, and loading. Under different conditions, complex physical processes occur within the
soil mass, resulting in changes such as water and heat movement, phase transition, and stress redistribution,
which further lead to frost heave and thaw settlement deformation of the soil3-8. Therefore, when conducting
engineering construction in frozen soil regions, it is necessary to conduct a thorough analysis of the changes in
the mechanical properties of frozen soil during construction and usage, as well as the patterns of interaction
between frozen soil and structures. Concrete is currently one of the main materials used in building structures,
and its application is indispensable in large-scale infrastructure projects such as high-speed railways, canal
slopes, high-rise buildings, and transmission pile foundations constructed in frozen soil regions. Due to the
differences in the physical and mechanical properties of soil and concrete materials, the soil-concrete interface
has become one of the key factors that affect the stability of structures9-14. Especially in frozen soil regions,
the reciprocating changes in water, heat, and force conditions alter the physical and mechanical properties
of the soil mass, and the frost heave and thaw settlement deformations of the soil can significantly affect
the stress state and stability of the interface between the soil and structures. In severe cases, this can even
lead to instability and failure of engineering structures. Therefore, the study of the interaction mechanism
between frozen soil and concrete interfaces has received widespread attention.

The study of soil-concrete interface shear characteristics is one of the important topics in the field of geotech-
nical engineering. Conducting a thorough investigation into the shear mechanical behavior of the interface,
as well as the evolution mechanism and influencing factors of the shear zone, holds significant theoretical and
practical guiding significance for addressing practical engineering problems such as foundation settlement
and slope failure15-17. Direct shear test, as an economical and efficient experimental method for studying
interface shear behavior, can conveniently obtain the stress-displacement curve relationship, shear strength,
and strength parameters of the interface. It has been widely used in the study of soil-concrete interface shear
characteristics18-20. A series of direct shear test studies have shown that factors such as the grading of soil
particles, the roughness of the structural surface, environmental conditions, and boundary conditions can all
influence the shear mechanical behavior of the interface21-23. Under negative temperature conditions, the
dynamic changes between ice and water, as well as the formation of cemented ice particles within the soil at
the interface, complicate the interfacial shear mechanism. The interfacial shear strength not only comprises
the cohesion between soil particles and the friction between soil and concrete, but also includes the cementing
force generated by the cemented ice. Liu et al. by combining the methods of nuclear magnetic resonance
(NMR) layered testing, direct shear testing, and fractal theory analysis, the degradation mechanism of the
soil-rock mixture-concrete interface strength in cold regions under freeze-thaw cycles is revealed24-27. Sun et
al carried out a series of direct shear tests on frozen soil-concrete interfaces to investigate the characteristics
and formation mechanisms of the freezing strength at the frozen soil-concrete interface. By decomposing
the peak strength, the formation mechanism of the freezing strength at the frozen soil-concrete interface was
explained28. Wang et al. conducted a series of indoor direct shear tests on silty clay-concrete binary system
under freeze-thaw cycles. Based on the indoor test results, they combined macroscopic and microscopic ob-
servations to obtain the changing patterns of interfacial shear strength, shear strength parameters, and shear
strength damage degree29-30. Wan et al. explored the relationship between shear stress and displacement at
the contact surface as well as the variation of shear strength through a combination of indoor experiments
and mathematical modeling. They revealed the mechanical properties of the contact interface between saline
frozen soil and concrete under the influence of multiple factors. Furthermore, through grey correlation anal-
ysis, they determined the significance ranking of various influencing factors31. Xie et al. conducted dynamic
shear tests on the interface between frozen clay and concrete pile foundation under different influencing
factors using a temperature-controlled dynamic direct shear system32.

The aforementioned studies have conducted an analysis of the interfacial strength characteristics, providing a
thorough elucidation of the features and formation mechanisms of interfacial freezing strength. For structures
such as pile foundations buried underground at a certain depth, the normal boundary condition at the
interface between the soil and the structure is a condition of constant normal stiffness33. Based on the
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characteristic changes in the volume of soil surrounding the structure during the shearing process (shear
dilation or shear contraction), the restraining effect of the surrounding soil on the structure can be simplified
as a series of springs with certain stiffness, which is referred to as the constant normal stiffness boundary
condition34. In tests with constant normal stiffness, the effect of normal stiffness on the interfacial shear
strength depends on the volume response of the interface during the test. Research indicates that under
shear dilation conditions, an increase in normal stress during tests with constant normal stiffness leads to an
increase in shear stress. On the other hand, the change in shear stress under shear contraction conditions
is opposite. Some studies have shown that under conditions of constant normal stiffness, the friction angle
remains unchanged during the variation of interfacial shear strength35-37.

However, for structures such as pile foundations in frozen soil regions, research on the shear characteristics
of the soil-structure interface under constant normal stiffness conditions is still not systematic. Therefore,
this paper utilizes a two-stage temperature-controlled direct shear test to investigate the effects of different
normal stiffnesses, temperatures, and moisture contents on the shear characteristics of the frozen soil-concrete
interface. It analyzes the variation patterns of stress-displacement curves, shear strength, cohesion, and
internal friction angle under different conditions. The research results can provide scientific references for
the design, operation, and maintenance of structures such as pile foundations in frozen soil engineering.

2 EXPERIMENTAL MATERIALS AND METHODS

2.1 Soil

The soil used in the experiment was taken from a slope in Lanzhou City, Gansu Province. It appears as a
light-yellow color, with uniform and continuous texture, and without large particulate impurities. The basic
physical properties of the soil are shown in Table 1. The soil particle size distribution curve is presented
in Figure 1. According to the soil classification standards (ASTM D2487/Standard for Soil Test Method
GB/T50123-2019), it is classified as silty clay.。TABLE 1 Basic physical properties of silty clay

Soil Classification Optimal Moisture Content(%) Liquid Limit (%) Plastic Limit (%) Maximum Dry Density(g/cm-3)

Silty Clay 13.3 28.5 14.7 1.93

3
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FIGURE 1 Particle size grading curve

2.2 Concrete Block

In this experiment, the mortar cubes were prepared with a ratio of cement, sand, and water of 1:3:0.65
(by weight). Due to the relatively small size of the samples, larger particles in the sand were removed to
ensure the uniformity of the mortar cube samples. During the sample preparation process, Vaseline was first
applied around the iron mold (with a height of 25 mm). The concrete mortar was then evenly poured into
the mold, and vibrated and smoothed to ensure that the thickness of the concrete sample was the same as
the height of the mold. Subsequently, a standard curing procedure was followed, involving natural curing
through watering every 8 hours at a temperature of 25°C to achieve hydration. After 28 days of curing, the
mold was removed. Finally, samples with a height of 25 mm and uniform surface roughness were selected for
further measurements as the final mortar cube samples. The process of preparing the mortar cubes is shown
in Figure 2.
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FIGURE 2 Mortar block sample preparation process (a) Material preparation, (b) Mixing, (c) Pouring
into the mold and vibrating/smoothing, (d) Curing, (e) Demolding, (f) Measuring dimensions

2.3 Interfacial sample

After naturally air-drying the soil samples collected on site and passing them through a 2mm sieve, they were
thoroughly mixed to ensure homogeneity. The initial water content was determined using the oven-drying
method, and then a certain amount of water was added to achieve wet soil samples with water contents of
10%, 13%, and 16%. These samples were placed in sealed bags and allowed to stand for 24 hours to ensure
uniform water content distribution. A mortar block was placed on the lower side of the sample mold, and
wet soil with a compaction of 95% was weighed and compacted in three layers into the mold until level with
the top edge of the mold box. The size of the test sample was 100mm×100mm×50mm (Figure 3a). The
test sample consisted of two layers, with the mortar block being 25mm tall, and the soil layer on top and
the mortar block below. This configuration placed the shearing interface exactly in the middle and aligned
with the upper and lower shear box interfaces of the direct shear apparatus, enabling better study of the
mechanical properties of the interface during the shearing process. After preparing the direct shear samples,
they were wrapped in plastic wrap, and the bottom and sides were further wrapped with insulating material
and placed in a constant temperature chamber (Figure 3b). The temperature of the chamber was adjusted to
the target test temperature and maintained for 24 hours to complete the freezing of the direct shear samples.

FIGURE 3 Sample preparation and size (a) Interfacial sample, (b) Constant temperature process

5
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2.4 Testing Device

Due to the strong water-heat sensitivity of frozen soil, a constant normal stiffness direct shear apparatus
(Figure 4) was used to conduct interfacial characteristics research in order to better control the experimental
temperature. The direct shear apparatus was first installed in a thermostat with a temperature control
accuracy of ±0.2, and then the thermostat was placed in a freezer with a temperature control accuracy of
+-0.5. This two-level temperature control system achieved good temperature control accuracy.

FIGURE 4 Constant normal stiffness direct shear instrument

The normal stress of the constant normal stiffness direct shear apparatus is applied by weights through
a lever, and the normal stiffness is controlled by a normal spring connected to the lever. Different normal
stiffness boundary conditions can be achieved by replacing springs with different stiffnesses. During shearing,
the shear stress at the interface is controlled by a micro-motor in the system, with a maximum shear stress
of 10kN. The measurement and control system can simultaneously measure and output the interfacial shear
displacement and normal displacement in real-time. Data can be directly collected to the control computer
through the data acquisition system. The working principle of the direct shear apparatus during the shearing
process is shown in Figure 5a. By measuring the stiffness of soils with different properties as required by
the experiment, different stiffness values can be controlled for the experiment. The maximum and minimum
stiffness values obtained are 1100kPa/mm and 200kPa/mm, respectively. Two intermediate values are then
selected, and all springs are uniformly processed using 65Mn carbon steel (Figure 5b). The internal effective
dimensions of the shear box are 100mm × 100mm × 50mm, with both the upper and lower shear boxes
having a height of 25mm. The sample consists of a 100mm × 100mm × 25mm soil layer on top and a 100mm
× 100mm × 25mm mortar cube below. The sample is tightly attached to the shear box to reduce shear

6
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stress errors during preloading. A schematic diagram of the force applied to the sample is shown in Figure
5c.。

FIGURE 5 (a) Direct shear instrument (b) Spring selection (c) Specimen stress diagram

2.5 Testing Process

Boundary conditions are crucial factors that influence the mechanical response of soil. During the shearing
process, changes in the normal stress applied to the interface due to volume changes in the shear zone can lead
to alterations in shear stress. Existing research has shown that constant normal stiffness (CNS) conditions
are closer to actual engineering conditions compared to constant normal stress conditions38. Under constant
normal stiffness conditions, the change in normal stress at the interface is denoted as,and the change in
normal displacement at the interface is denoted as , the normal stiffness at this time is represented by k
=constant.

The process of interfacial shear testing includes the following steps: (1) Calculate the weight of the soil
sample required for a compaction rate of 95%. Install the prepared mortar block into the mold, and then
fill the soil sample into the mold evenly in three layers. Fabricate the interfacial shear sample using the
layered compaction method and wrap it in plastic film to prevent moisture loss during the freezing process.
(2) Place the interfacial shear sample in a -20 freezer for rapid freezing for 12 hours to prevent moisture
migration during the freezing process. (3) After rapid freezing, remove the mold from the solidified sample,
wrap it in a new plastic film, and transfer it to a constant temperature freezer. Maintain the sample at the
target experimental temperature for 24 hours. (4) Adjust the environmental temperature and instruments
for the test, ensure the sealing of the freezer to minimize any potential errors, install the sample on the shear
apparatus, and begin the interfacial shear test. (5) After the shear test is completed, take photos of the
sheared interface and record the test details.

The experiment was conducted using a rapid shear mode with a shear rate of 0.8mm/min. The shearing
duration was set to 15 minutes, resulting in a shear displacement of 12mm. The experimental conditions con-
sidered during the test included various normal stiffnesses (200kPa/mm、500 kPa/mm、800kPa/mm、1100
kPa/mm),normal stress(40kPa、80kPa、120kPa、160kPa),water content of soil(10%、13%、16%)and test-
ing temperature(20、-2、-4、-6).

FIGURE 6 Flow chart of interface direct shear experiment (a)Sample preparation, (b) Unifirectional freez-
ing, (c) Constant temperature maintenance, (d) Shearing, (e) Photography

7
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FIGURE 10 Effect of temperature on the peak shear strength(k =1100kPa/mm,w =13%)

Figure 11 demonstrates the influence of water content on the interfacial shear strength at temperatures of
20 and -4. As shown in Figure 11(a) for room temperature conditions, with the increase in water content,
the interfacial shear strength initially increases and then decreases, reaching a maximum at the optimal
water content (w =13%). Correspondingly, the interfacial cohesion and friction angle also peak at the
optimal water content. This is because when the soil water content is low, strongly bound water dominates
around soil particles, forming a common bound water film between adjacent soil particles. The binding
effect of the bound water enhances the interaction force between the soil, as well as between the soil and
the concrete interface. As the water content increases, this interaction force gradually increases, leading to
a corresponding increase in the interfacial shear strength. However, as the water content in the soil further
increases, the weakly bound water film around the soil particles gradually becomes thicker. The binding
effect of the weakly bound water is weaker, resulting in a gradual decrease in the strength of the soil and the
interface. Additionally, as the water content gradually increases, the bound water film in the soil gradually
forms, thickens, and even free water appears. In this process, the water in the soil acts as a lubricant, making
the movement of soil particles relatively easier. Therefore, the interfacial shear strength exhibits a pattern
of first increasing and then decreasing with the increase in water content 35,38.

Figure 11(b) illustrates the variation of interfacial shear strength at -4. It can be observed that the strength
gradually increases with the increase in water content, and the increase is more significant under high normal
pressure. Both the interfacial cohesion and friction angle also increase with the increase in water content.

8
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FIGURE 11 Effect of water content on the peak shear strength with temperature of 20 and -4(k
=1100kPa/mm)

Figure 12 illustrates the influence of different temperatures and normal stiffnesses on the peak interfacial
shear strength at a water content of 13%. Overall, as the normal stiffness increases, the interfacial shear
strength also increases. Figure 12(a) shows the effect of various normal stiffnesses on the interfacial shear
strength under room temperature conditions. It can be observed that under different normal pressures, the

9
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trend of the peak interfacial shear strength increasing with the increase in normal stiffness is consistent,
exhibiting a gradual increase. This trend becomes more pronounced as the normal stress increases. This is
because as the stiffness increases, greater normal stress is generated during the expansion of the specimen
during shearing, thereby making the change in peak interfacial shear strength more significant. Under the
same normal stiffness, the peak shear stress increases linearly with the increase in normal stress.

Figures 12(b-d) present the variation patterns under negative temperature conditions. The trends of stiffness
and normal stress on peak shear strength are similar to those observed under room temperature conditions.
However, under the same stiffness conditions, both cohesion and friction angles increase significantly. This
is primarily due to the formation of ice cementation at the interface under negative temperature conditions,
making the interfacial bonding tighter. As the temperature decreases, the peak shear strength gradually
increases, and the cohesion also increases with the change in stiffness. Comparing stiffnesses of 200 and 1100,
the increases are 9.9kpa, 12.6kpa, and 15.3kpa, respectively, showing a gradually increasing trend. This is
because as the temperature decreases, the content of ice cementation between soil particles increases, allowing
for a tighter bonding. As the stiffness of the soil gradually increases, it can exert a more concentrated force
on the shear interface during sample expansion, resulting in a larger peak shear strength, thereby enhancing
the influence of normal stiffness on cohesion.

As the temperature decreases, the internal friction angles of the interface with a normal stiffness of 1100
increase by 14.9%, 14.7%, and 7.7% compared to those with a normal stiffness of 200, showing a gradually
decreasing trend. This is due to the increasing content of ice cementation at the interface. Since samples
with high normal stiffness undergo greater shear strengths during shearing due to expansion and contraction,
the ice cementation experiences brittle fracture. Consequently, the change in internal friction angle gradually
slows down. This also explains why the internal friction angle at a normal stiffness of 1100 is slightly larger
than that at a normal stiffness of 800 at -6.
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4 CONCLUSIONS

Through a controlled-temperature direct shear test system, this paper systematically investigates the shear
characteristics of the interface between frozen soil and concrete under constant normal stiffness conditions,
and arrives at the following conclusions: (1) With the increase in temperature and water content, the
interfacial curve gradually transitions from a strongly hardening type to a weakly hardening type. The
initial shear stiffness of the interfacial shear stress-shear displacement curve gradually increases, and the
interfacial shear strength also gradually increases. (2) In the thawed state, there is no significant change in
the curve morphology as the normal stiffness increases, all exhibiting strong strain hardening with a relatively
small elastic deformation stage. In the frozen state, as the normal stiffness increases, the curve morphology
transitions from a strongly hardening type to a weakly hardening type. The initial elastic stage of shearing
is more pronounced, corresponding to a larger displacement. In the residual stage, the increment of shear
stress decreases as the shear displacement increases. (3) Under normal temperature conditions, the peak
interfacial shear strength gradually increases with the increase in normal stiffness, and this trend becomes
more pronounced as the normal stress increases. Under negative temperature conditions, the peak shear
strength significantly increases with the increase in normal stiffness, and this trend becomes more evident
as the temperature decreases. Correspondingly, the interfacial cohesion and friction angle also increase with
the increase in normal stiffness.
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