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Abstract: With global warming and accelerated degradation of permafrost, the engineering prob-

lems caused by the formation of weak zones between the shallow and permafrost layers of soil–

rock mixture (S-RM) slopes in permafrost regions have become increasingly prominent. To explore 

the influence of rock content on the shear strength of the S-RM freezing–thawing interface, the 

variation in the shear strength for different rock content is studied herein using direct shear tests. In 

addition, a 3D laser scanner is used for obtaining the topography of the shear failure surface. 

Combined with the analysis results of the shear band-particle calculation model, the influence of 

the rock content on the shear strength of the interface is explored. It was found that the impact 

threshold of the rock content on the interface strength and failure mode is approximately 30%, 

when the rock content (R) is > 30% and that the shear strength increases rapidly with increasing 

rock content. When R ≤ 30%, the actual shear plane is similar to waves; when R > 30%, the shear 

plane appears as gnawing failure. The shear strength of S-RM freezing–thawing interface mainly 

comes from the bite force and friction between particles. The main reason for the increase in shear 

strength with increasing rock content is the increase in bite force between particles, which makes 

the ratio of bite force to friction force approximately 1:1. 

Keywords: soil–rock mixture, freezing–thawing interface, shear strength, shear failure surface, 

particle calculation model 

 

 

1. Introduction 

Soil-rock mixture (S-RM) is a loose geological material comprising engineering-scale 

block stone and fine-grained soil [1-3]. Different from the traditional homogeneous soil 

and cataclastic rock mass, its internal structure presents typical characteristics of hetero-

geneity, discontinuity, large pores, and multiple interfaces. Under the freezing condition, 

ice crystals fill the S-RM pores and provide adequate freezing force and the strength of 

S-RM increases significantly. Upon thermal thawing, the freezing force disappears and 

the internal skeleton gets restructured under the action of its own weight and load, de-

creasing the strength drastically. This shows the strong environmental dependence and 

susceptibility of S-RM. Moreover, their engineering property is extremely unstable. Due 

to global warming and accelerated degradation of permafrost, various types of slope in-

stability in the Qinghai-Tibet Plateau frequently occur [4-7]. The active layer in the per-

mafrost region often contains abundant ice crystals; when the slope melts from the sur-

face to the inside, the ice crystals gradually melt into pore water. Because the frozen soil 

underneath the freezing front is impermeable, the melting S-RM active layer usually has 

high water content. When the active layer of the frozen soil slope begins to melt, a special 

freezing–thawing interface is formed [8]. S-RM in permafrost regions has complex phys-

ical and mechanical properties due to negative temperature and the presence of gravels 

[9-11]; this leads to increased water adsorption and infiltration retention in ice-rich layer, 

forming weak surfaces with soft upper and lower hard layers between shallow active and 

permafrost layers. The interface is rich in ice and has a low friction coefficient and often 

becomes the source of slope disasters in cold regions [12]. Therefore, it is necessary to 
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study the shear mechanical properties of S-RM freezing–thawing interface with different 

rock content. 

S-RM is also known as bimrock or bimoil [13-15]. The shear properties of S-RM with 

different rock content have been studied extensively. Vallejo et al. [16] studied the in-

fluence of rock content in S-RM on the shear strength and void ratio. Simon and Houlsby 

[17] established a prediction formula for the shear strength of S-RM with a rock content of 

0%–50% through large-scale direct shear test. Xu et al. [18] conducted large-scale direct 

shear tests on S-RM with a rock content of 0%–70% and found that the thickness of shear 

band and the internal friction angle increased with increasing rock content, while the 

cohesion decreased slightly. Through in situ direct shear test, Coli et al. [19] found that 

the internal friction angle of bimrock has a linear positive correlation with the rock con-

tent; the cohesion first increases and then decreases with increasing rock content, and a 

threshold value for cohesion is observed when the rock content is 20%–25%. Wei et al. [20] 

conducted direct shear tests on S-RM with different rock content and considered the 

impact of rock fragmentation; they found that the stress–strain curve showed a 

strain-hardening trend with increasing rock content, and particle breakage became more 

serious with increasing rock content, resulting in a power-law relationship between shear 

strength and normal stress. 

As a weak zone in practical engineering, freezing–thawing interface has attracted 

increasing attention. Through field exploration and research, Mcroberts et al. [21] postu-

lated that thawing plays a critical role in the failure of freezing–thawing interface of 

various landslides. Niu et al. [22] analyzed the stability of high-ice-content frozen soil on 

underground ice surfaces (freezing–thawing interface) by studying thermal thaw 

slumping in Qinghai–Tibet permafrost regions and proposed measures of waterproof 

and drainage to protect frozen soil. Through field and laboratory tests, Toloukian et al. 

[23] found that the shear strength at the freezing–thawing interface is greater than that of 

the thawed soil. Niu et al. [6] studied low-angle landslides in Qinghai–Tibet permafrost 

regions and found that the stagnant water lubrication effect at the freezing–thawing in-

terface is one of the important reasons for slope instability. Shi et al. [24] used a direct 

shear instrument with a temperature control system to study the shear characteristics of 

the clay–ice interface and found that the initial water content and temperature determine 

the shear stress properties and dilatancy types of the interface. Ice bonds in frozen soil 

combine solid particles together, change the interaction between soil components and 

have a great impact on the mechanical behavior of soil. Internal temperature, humidity, 

and stress of frozen soil affect one another [25-27]. De Guzman et al. [28] found that in a 

certain temperature range, the strength of shear failure surface is positively proportional 

to negative temperature. Some researchers made freezing–thawing interface samples on 

the basis of the different freezing points of salt water and pure water and verified the 

failure mode of soil slope on the interface [29-30]. 

S-RM is widely distributed over the entire permafrost or periglacial region, and it is 

widely used in engineering. However, most of the previous studies have focused on the 

shear strength of S-RM in nonfrozen regions or have considered only the shear strength 

of the soil freezing–thawing interface. Basic research on shear weak zone of slope in fro-

zen regions is insufficient, and there is little in-depth research on S-RM freezing–thawing 

interface. In the present study, considering that the freezing point of brine is lower than 

that of water, S-RM samples with freezing–thawing interface were prepared using brine 

and pure water. Based on the actual engineering background, direct shear tests of S-RM 

freezing–thawing interface with six different rock content (0, 10%, 20%, 30%, 35%, and 

40%) under a high water content of 30% were conducted, and the shear strength param-

eters were obtained. The shear failure characteristics were obtained using 3D laser scan-

ning. Combined with S-RM shear calculation model, the influence mechanism of rock 

content on shear strength of the interface was analyzed. 
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2. Test design 

2.1. Sample preparation 

From the field investigation of permafrost at the Fenghuoshan site of Golmud–Lhasa 

section where the reconstruction and expansion project of Qinghai–Tibet railway is un-

derway, it was found that the permafrost in the crossing layer is gravel soil, mainly 

comprising angular (round) gravel and silty clay, with rock content of 10%–45%. The 

results show that the water content of the sliding mass in the melting season has reached 

the liquid limit of silty clay. The liquid limit and plastic limit of the fine-grained soil are 

31.87% and 14.57%, respectively. Therefore, the representative values of fine-grained soil 

with controlled water content of 30% and rock content of 0%, 10%, 20%, 30%, 35%, and 

40% were selected to make the remolded cylinder sample with the size of φ150 mm × 100 

mm. The typical soil in Qinghai–Tibet permafrost region–silty clay, gravel, saline water, 

and pure water, were the main materials of this test. The grading curve of soil and gravel 

particles in the sample is shown in Figure 1. According to the standard for the particle 

size threshold of soil and rock: dthr = 0.05Lc [14,31], 5 mm is defined as the particle size 

limit between soil and rock in this test. According to the standard for geotechnical test 

methods (GB/T 50123-2019, 2019) [32], the maximum particle size of the gravel must not 

exceed 1/4 of the sample height and 1/8 of the sample diameter. Therefore, the maximum 

particle size of the gravels used in this test did not exceed 20 mm, and a suitable re-

placement method was used to remove oversized gravels. 

                           

Figure 1. Gradation cumulative curve of soil-rock mixture. 

During the sample preparation process, the fine-grained soil was first dried in a 

drying box at 110 °C for 24 h, crushed, and passed through a 2-mm sieve. Water was 

evenly sprayed on the surface of dry soil; the soil sample was then seal and covered with 

plastic film for 8 h to let the water infiltrate naturally. The density of the remolded sample 

was set at 2.0 g/cm3, and the mass of clay and gravel was calculated according to the 

gradation curve. Clay and gravel mixed evenly and then compacted in three layers. The 

composite sample was made based on the characteristic that the freezing point of brine is 

lower than that of pure water. In the process of sample preparation, the corresponding 

parts of pure water and brine configuration were operated separately and there was no 

cross contact between them before combining. The sample preparation process was 

completed in 1–2 min. Next, the prepared sample were immediately placed in a 

low-temperature environment box for freezing. In the low-temperature environment, the 

exchange of water molecules became slow, ensuring that the freezing–thawing interface 

was not affected by temperature and that the moisture migration did not cause obvious 

retreat phenomenon of the freezing–thawing interface. 

2.2. Test process 

First, the composite sample with 1:1 volume ratio of 1.5% salt water with 30% water 

content in the upper layer soil and 18% pure water content in the lower layer soil was 
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made. The freezing temperature of salt water is approximately −5 °C, and the freezing 

temperature of pure water is approximately 0 °C. The samples were placed in an 

low-temperature environment box at −3 °C for 48 h. After freezing, the upper soil was in 

the thawing state at −3 °C while the lower soil was in the freezing state so that the upper 

part was thawed soil and the lower part was frozen soil, and there was a freezing–

thawing interface in the middle. Then, the improved strain-controlled direct shear in-

strument was used to carry out the low temperature direct shear test of the freezing–

thawing interface. A low-temperature laboratory developed by Xi'an University of Sci-

ence and Technology served as the test environment, and the indoor temperature was set 

as approximately −3 °C. The shear rate was 0.8 mm/min. During the test process, the data 

were recorded using the automatic data acquisition instrument and inputted into the 

computer for real-time reading and recording. After the sample was sheared, to obtain 

the 3D shape of the shear plane, a 3D laser scanner was used to measure the distance of 

the shear plane point by point, and then the relative elevation Z of each measuring point 

was obtained by conversion. Then, the 3D coordinates (x, y, z) of each measuring point 

were obtained, the test process is shown in Figure 2. 

 

Figure 2. Test process. 

According to the field investigation, the freezing–thawing interface of S-RM slope is 

observed mostly at a depth of approximately 0.5–3 m in the shallow layer. Four normal 

stresses of 50, 100, 200, and 300 kPa were selected in the test. Because the shear position of 

the interface was fixed artificially, the shear occurred at the interface between thawed soil 

and frozen soil. The specific conditions were grouped as shown in Table 1. Three parallel 

tests were conducted for each condition. 

Table 1. Test conditions. 

Water content/% Rock content/% Normal stress/kPa 

30 

0 50, 100, 200, 300 

10 50, 100, 200, 300 

20 50, 100, 200, 300 

30 50, 100, 200, 300 

35 50, 100, 200, 300 

40 50, 100, 200, 300 

3. Test results 

3.1. Stress–strain relationship 
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As an important characteristic of S-RM, rock content largely determines its me-

chanical properties and deformation failure mode. Through the direct shear test, the 

stress–strain curves of S-RM freezing–thawing interface with different rock content un-

der different normal stresses were obtained (Figure 3). Under different normal stresses, 

the stress–strain curves of R = 0 and R = 10% basically coincide; the shape and position of 

the stress–strain curves for R ≤ 30% and R > 30% are obviously different. The slope of the 

linear elastic phase of the stress–strain curve increases with increasing rock content; this 

is closely related to the occlusion of gravel in the shear band. When the normal stress is 50 

and 100 kPa, the stress–strain curves for R ≤ 30% are of the strain-hardening type; when R 

> 30%, the stress–strain curves show the characteristics of strain softening. With increas-

ing rock content, the stress–strain curve changes from strain hardening to strain soften-

ing. When the normal stress is 200 and 300 kPa, the stress–strain curves show the char-

acteristics of strain hardening and zigzag, accompanied by intermittent jumping in the 

process of climbing. This jumping growth is closely related to the occlusion and over-

turning of rock particles in the shear band. 

                           

Figure 3.  Stress–strain curves of the samples with different rock content under different normal 

stresses: (a) 50kPa; (b) 100kPa; (c) 200kPa; (d) 300kPa. 

3.2. Shear strength parameters 

The changes in the shear strength of the freezing–thawing interface under different 

rock content are shown in Figure 4. With increasing rock content, the shear strength of 

the freezing–thawing interface gradually increased. When the rock content increased 

from 0% to 10%, the shear strength did not increase significantly. This is because when 

the rock content is 10%, there are fewer rock particles distributed near the freezing–

thawing interface, which cannot provide stable embedding during the shearing process. 

With increasing rock content, the number of rock particles near the freezing–thawing 

interface increased and the rolling of gravels in the frozen and thawing soil layers was 

restricted by each other’s embedment and resistance, which led to the increase in the 

shear strength of the interface. Based on the growth rate of the shear strength under dif-

ferent rock content, 30% rock content is the threshold value and the change in the shear 

strength with rock content is divided into two stages. When R ≦ 30% (stage 1), the inter-

face shear strength increases slowly with increasing rock content. When R > 30% (stage 

2), the shear strength growth rate of the interface increases significantly; in this case, the 
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soil and rock particles are closely connected and the occlusion between particles near the 

shear band is enhanced. 

The shear strength of the interface increased with increasing normal stress. The main 

reason is that the increase in normal stress leads to increase of compactness of the sam-

ple, improving the bite force between particles, and the Poisson effect of S-RM is promi-

nent. 

 

Figure 4. Variation in the shear strength of the samples with different rock content. 

From Table 2, it can be seen that the growth rate of shear strength with increasing 

rock content under different normal stresses is different. When R = 10%, 20%, and 35%, 

the growth rate of shear strength under low normal stress (50 kPa) is greater than that 

under medium and high normal stress. When R = 30%, the change rate of shear strength 

under medium normal stress (100 and 200 kPa) is the most obvious. When R = 40%, the 

shear strength increases most significantly under high normal stress (300 kPa). 

Table 2. Increment rate of shear strength at different rock content 

Rock content (%) 
Shear strength’s increment rate (%) 

50 (kPa) 100 (kPa) 200 (kPa) 300 (kPa) 

10 10.05 -2.86 -2.60 2.80 

20 60.61 10.29 20.08 4.54 

30 13.21 37.33 24.44 13.04 

35 16.67 6.80 7.14 9.23 

40 18.57 18.18 30.83 37.32 

Based on the results of Figure 4, the variation in cohesion and internal friction angle 

with increasing rock content is obtained using the Mohr-Coulomb criterion (Figure 5). 

With increasing rock content, the cohesion first decreases and then increases, reaching 

the minimum value when the rock content is 10%, and then presents a linear increase. 

When the rock content is 10%, the cohesion decreases because the blocks are in a sus-

pended state inside the S-RM, which does not have a positive effect on cementation be-

tween the particles. Simultaneously, the presence of rock particles prevents contact be-

tween soil particles, thereby decreasing cohesion. Subsequently, due to the presence of 

more number of rock particles, the clay particles squeeze and bond with each other dur-

ing the shearing process and show a linear increase with increasing rock content. The 

internal friction angle increases with increasing rock content, increasing significantly 

when the rock content reaches 35%. This significant increase is closely related to the in-

ternal structure of the sample. When the rock content reaches 35%, the skeleton effect of 

the sample is prominent, and the bite force between the rocks increases greatly. Moreo-

ver, more gravel embedded in the lower frozen soil layer provides greater resistance, 

which eventually increases the bite force between the particles at the interface. 
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Figure 5. Variation regularity of shear strength parameters with different rock content. 

The ratio of cohesion and internal friction angle of S-RM freezing–thawing interface 

to parameters of pure soil freezing-thawing interface under different rock content is 

shown in Table 3. When the rock content increases from 0% to 10%, the change in inter-

nal friction angle is obvious. When the rock content increases from 20% to 35%, the in-

fluence of gravel on the change of cohesion is greater. When the rock content reaches 

40%, the skeleton effect between gravel is enhanced, leading to a more obvious change 

in the internal friction angle. 

Table 3. Ratio of shear strength parameters to initial parameters with different rock content. 

Strength 

index 

Rock content/% 

10 20 30 35 40 

c 0.94 1.15 1.55 1.75 1.85 

φ 1.17 1.20 1.26 1.31 2.08 

3.3. 3D morphology of shear plane 

Because the failure must produce strength, there must be a relationship between 

shear strength and failure characteristics. Therefore, to analyze the mechanism of S-RM 

freezing–thawing interface strength, it is necessary to explore the shear surface mor-

phology. After shearing, the upper shear box was lifted away, and then the lower shear 

plane was scanned point by point using a 3D scanner. The distance between each scan-

ning point on the shear plane and the laser rangefinder obtained via scanning was 

stored in an Excel file. Then, Sufer software was used to read the data and to draw the 

3D morphology of S-RM interface after shear failure, as shown in Figure 6 (normal stress 

of 100 kPa). When R ≤ 30%, the shear failure surface exhibited wavy failure with small 

fluctuations and the surface was relatively uniform. When R > 30%, the shear failure 

surface exhibited gnawing failure with obvious fluctuations and the surface was nonu-

niform. 
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Figure 6. 3D topography of shear failure surface under different rock content: (a) R=0%;  

(b) R=10%; (c)R=20%; (d) R=30%; (e) R=35%; (f) R=40%. 

From Figure 7, it can be seen that the undulation value of the shear failure surface 

of the sample gradually increases with increasing rock content. Similar to the law of 

shear strength variation, the increasing trend of fluctuation value has a threshold at R = 

30%. When R ≤ 30%, the undulation value of the shear surface undergoes a small change, 

the rock content increases from 0% to 30%, the undulation value increases from 2.8 to 7.2 

mm, and the undulation value of R = 30% is 2.6 times that of R = 0. When R > 30%, the 

undulation value of shear surface increases obviously. When R = 35%, the undulation 

value is 12.4 mm, and when R = 40%, the undulation value is 19 mm, which are 4.4 and 

6.8 times the undulation value when R = 0, respectively. 
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Figure 7. Fluctuation value of the shear surface of the samples with different rock content. 

4. Discussion 

4.1. Establishment and analysis of shear strength calculation model of the interface 

During the shearing process, particles near the freezing–thawing interface bite, 

overturn, and rub against each other, and the sharp corners of gravels are sheared when 

normal stress is large, which are the reasons for the shear strength. Therefore, the shear 

strength of S-RM freezing–thawing interface is mainly composed of bite force, friction 

force, and crushing force between particles, while the crushing force itself contributes 

little to the shear strength and the working condition studied in this paper is the case of 

low normal stress, so the influence of crushing force is not considered here. 

Based on previous research [33], the irregular particles in the shear band are simpli-

fied as ellipses, and the shear strength calculation model is established, as shown in Fig-

ure 8. Under the action of constant normal pressure N and shear force T, particles in the 

shear band tumble and rub. The length of the long half axis of elliptical particles is a, and 

the length of the short half axis is b. It is assumed that the rotation angle of the particles 

moving from point A to B is 90°. Suppose the angle between the contact surface and 

horizontal plane when sliding to any position is α, let α0 be the angle at the initial posi-

tion (at point A), and let θ be the angle between the line connecting the tangent point and 

the center of the circle and X-axis when sliding to any position. 

                           

Figure 8. Calculation model of particle shear strength in shear band. 

The contribution of bite force in the shearing process is divided into angular rotation 

work and displacement work. The angular rotation work can be expressed as 
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here dθ is the increment of angular rotation, and ΔI is the component of shear force to 

rotation. 

 

 

 

 

In Eq. (2), φu is the sliding friction angle, which is related to the stone content and 

internal structure of the shear band. When
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The displacement work can be regarded as the work done by the external force on 

the center of gravity displacement trajectory. Then, the displacement work is 

 

 

 

 

 

where ds is the tiny increment of particle displacement, and F is the component of 

shear force to displacement. 

 

 

 

 

The trajectory of gravity center migration can be regarded as a part of the ellipse 

whose major half axis is R+a and the minor half axis is R+b. The displacement increment 

can be expressed as follows: 

 

 

 

 

Substituting Eqs. (5) and (6) into Eq. (4), we obtain 
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Where ds is the relative displacement of sliding between particles, which can be 

approximately expressed as 

 

 

 

 

 

According to the force balance in the Y-axis direction, it can be seen that when 
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Substituting Eqs. (10), (11), and (12) into Eq. (9), we get 

 

 

 

 

 

 

 

 

 

 

To quantitatively analyze the proportion of the work done by the bite force and the 

work done by friction under the change of the rock content, it is assumed that the angle 

α0 between the contact surface and the horizontal plane at the initial position is 30°, the 

sliding friction angle between particles is 35°, R = 0.75 cm, a = 0.5 cm, b = 0.25 cm. Ac-

cording to the study by Wu et al. [33], the rock content can be expressed by a sine func-

tion in the bite force work. The proportion of work done by bite force and friction force 

under different rock content is calculated (Table 4). With the increase of rock content, the 

proportion of occlusal component increases gradually. When the rock content reaches 

40%, the proportion of work done by bite force and friction force is close to 1:1. At this 

time, the contribution of bite force and friction force to the shear strength is equivalent, 

which is also why the shear strength of freezing–thawing interface is the largest under 

this rock content. 

Table 4. Proportion of each component under different rock content. 

Rock 

Content/% 
Wb Wt Wb/ Wt 

Percentage of 

Wb (%) 

Percentage of 

Wt (%) 

0 0 0.984 0 0 100 

10 0.281 0.984 0.286 22.2 77.8 

20 0.552 0.984 0.561 35.9 64.1 

30 0.080 0.984 0.821 45.1 54.9 
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35 0.927 0.984 0.942 48.5 51.5 

40 1.038 0.984 1.055 51.3 48.7 

4.2. Influence mechanism of rock content on shear strength of the interface 

Based on the results of the direct shear test and the 3D topography scan of the shear 

surface, the mechanism of the shear strength change of the S-RM freezing–thawing in-

terface under the change of the rock content can be analyzed (see Figure 9). During the 

direct shear test of the interface, part of the gravel are embedded in the frozen soil below 

the freezing–thawing interface. These gravel must be bypassed during the shearing pro-

cess, and eventually an irregular shear surface is formed. Different rock content results 

in significant differences in the shear failure surface. The specific analysis is that when 

the rock content is low (R ≤ 30%), the actual shear surface fluctuates up and down along 

the freezing–thawing interface. Generally, the particles on the shear surface are broken, 

turned, and the shear surface formed is relatively flat, especially when the normal stress 

is low, the horizontal shear stress is not enough to cause the particles on the shear sur-

face to break. The shear failure surface is more developed along the edge of the particles, 

which leads to the uneven shear surface, but the flatness is good in the local area of con-

cave and convex, and finally the shear failure surface becomes wave-shaped failure. 

When the rock content is high (R > 30%), the skeleton effect is more obvious. In addition 

to the continuous pushing and rotation of rocks in the part of the thawed soil and the 

lubrication of the ice layer, greater bonding resistance will be obtained at the freezing–

thawing interface because some rocks are embedded in the part of the frozen soil. Final-

ly, the flatness of the shear failure surface is poor, and a large range of pits can be seen 

on the failure surface, showing gnawing failure. The obvious change of failure mode is 

the reason for the threshold value of shear strength at R = 30%. 

The shear strength of cohesive soil is mainly provided by cohesion, while for S-RM 

with a large rock content, its shear strength is mainly provided by the friction angle. The 

friction angle increases with the increase in rock content. When the rock content is more 

than 10%, the compactness of the sample increases further, and the occlusion between 

particles begins playing a positive role rapidly, resulting in a sharp increase in cohesion. 

When the rock content is more than 35%, fine-grained soil is not enough to fill the skele-

ton formed by gravel, and the increase of occlusion is mainly reflected in the aggregation 

and overturning between gravel, which leads to the sharp increase in internal friction 

angle. 

From the above analysis, it can be seen that when the rock content is low, gravel is 

suspended in the medium composed mainly of soil, and the distance between gravel is 

relatively large, and only a small amount of gravel in the frozen soil below the freezing–

thawing interface can provide bite force. With the increase of rock content, the occlusion 

between particles near the interface increases obviously. The gravel in the frozen soil has 

stronger shear strength, and the interaction with the gravel in the melting soil can bear 

most of the shear force. In the process of gravel bite and rolling, the soil particles fill in 

the pores, and the gravel bite effect will be more obvious. 
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Figure 9. Instability mechanism diagram of soil-rock mixture slope in cold regions. 

 Conclusions 

For the S-RM slope thawing process in permafrost regions, the influence of rock 

content on the shear strength of S-RM freezing–thawing interface was investigated 

through shear tests. The morphology of shear surface was obtained via 3D laser scanning. 

Based on the aforementioned test results and the shear band particle calculation model, 

the effect of rock content on the shear strength of S-RM freezing–thawing interface was 

analyzed. The main conclusions are as follows: 

(1)When the normal stress was 50 and 100 kPa, the stress–strain curves of R ≤ 30% 

were of the strain-hardening type, and the stress–strain curves of R > 30% are strain sof-

tening type. With the increase in rock content, the stress–strain curves change from 

strain-hardening type to strain-softening type. When the normal stress is 150 and 200 

KPa, the stress–strain curves show the characteristics of strain hardening and zigzag. 

(2)With increasing rock content, the shear strength of the S-RM freezing–thawing 

interface increased. When the rock content was more than 30%, the shear strength of the 

interface increased rapidly. This is because when the rock content is large, the gravels in 

the thawed and frozen soils bite tightly, especially in the case of high stress, and the 

skeleton effect of the mixture is more obvious. As such, the threshold value of rock con-

tent on the interface strength is approximately 30%. The cohesion first decreased and 

then increased with increasing rock content, reaching the minimum when the rock con-

tent was 10% and then presenting a significant linear increase. The friction angle gradu-

ally increased with increasing rock content; when the rock content was 35%, it increased 

rapidly. 

(3)Through the analysis and deduction of the calculation model of the S-RM freez-

ing–thawing interface, it is believed that the increase in the occlusal force between the 

particles is the main reason for the increase in the shear strength of the interface with in-

creasing rock content. 
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(4)During the shearing process, part of the rocks was embedded on the freezing–

thawing interface and the shearing must bypass these rocks. Therefore, the real shear 

surface is not a smooth plane but a curved surface with some dislocation. In addition to 

the continuous pushing and rotation of rocks in the thawed soil and the lubrication of the 

ice layer, high bonding resistance was observed at the freezing–thawing interface be-

cause some rocks were embedded in the part of the frozen soil. When the rock content 

was low, the actual shear surface undulated like waves. When the rock content was high, 

the shear plane exhibited gnawing failure. 
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