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Abstract

The soil-rock mixture (SRM) is a kind of special engineering geological material, which has been exposed to the field for a long time 

and is affected by rainwater seepage, geological force, slope sliding force and human activities, resulting in the spatial variability of 

its mechanical properties. Taking the SRM distributed on a slope of the Three Gorges Reservoir area as the research object, four 

test locations were selected along and transverse the slope. First, in-situ large-scale direct shear test was carried out, and then the 

laboratory large-scale direct shear test, particle sieving test, and water content test were carried out in the undisturbed sample to 

study the variation of shear mechanical properties of SRM distributed in different spatial locations. The results show that: (1) Under 

the same normal stress, the peak strength of the SRM decreases at a similar rate along the slope direction and the transverse slope 

direction. (2) The cohesion of the SRM is continuously strengthened, and the friction angle is continuously deteriorated along the slope 

from high to low, the cohesion and friction angle are almost no variability along the transverse slope. (3) The mechanism of the above-

mentioned variation in the shear mechanics parameters of SRM is that the lower the elevation along the slope, the more fragmented 

the rock, the lower the rock content. (4) Spatial variability models of cohesion and friction angle of SRM were established, which can 

provide references for related engineering applications.
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1 Introduction
The SRM consists of low-strength soils, high-strength rock 
blocks, and pores. It is a special engineering geological  
material widely distributed in slope engineering to form an 
SRM slope [1–3]. The SRM slope is exposed to the field 
and has long been affected by rainwater seepage, geological 
force, slope sliding force and human activities, resulting in 
differences in mechanical properties of SRM distributed in 
different spatial locations [4–5].

Many scholars believe that the mechanical properties of 
geological materials are one of the key data for evaluating 
the stability of slopes. Considering the spatial variability of 
the mechanical properties of geological materials, it is help-
ful to improve the reliability of slope stability calculation 
results [6–9].

In recent years, scholars have used probability theory and 
statistical analysis methods to study the spatial distribution 

and variability of mechanics parameters of soil and rock 
mass. Lumb [10] through the statistical analysis of the cohe-
sion and friction angle of soils with different depths, believed 
that the shear strength parameters obey the Beta distribution. 
Tang et al. [11] carried out statistical analysis of in-situ direct 
shear test of 1139 groups rock mass and determined that the 
best probability distribution model of shear strength param-
eters is log-normal distribution, indicating that the shear 
strength parameters had great variability under the influence 
of rock mass quality. Rahardjo et al. [12], Uzielli et al. [13], 
studied the variability of soil mechanical properties along 
the direction of burial depth based on in-situ and laboratory 
tests. Brejda et al. [14] proposed that in the regional context, 
the soil properties do not conform to the normal distribution, 
but to the log-normal distribution. Wang et al. [15] made sta-
tistical analysis on the normal stress and shear stress in the 
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direct shear test of the same type of rock mass, established 
a two-dimensional normal distribution model of normal 
stress and shear stress. Cheng et al. [16] studied the uncer-
tainty and variability of mechanical parameters of jointed 
rock mass based on mechanics test and in-situ survey data. 
Samui et al. [17] used the adaptive neuro-fuzzy inference 
system and multivariate adaptive regression splines to estab-
lish a spatial variability prediction model for the rock in the 
Bangalore region along the depth direction. These studies 
show that the mechanical properties of geomaterials have 
spatially variability that cannot be ignored.

In the study of the mechanical properties of SRM, the 
effects of rock content, water content, shear rate, and rock 
block size on the shear mechanical parameters of SRM 
was mainly studied. Zhao et al. [18], Yan et al. [19], Vallejo 
et al. [20] respectively studied the law of influence of rock 
content on shear strength, cohesion and friction angle of 
SRM by using discrete element simulation analysis and 
laboratory direct shear test. Wei et al. [21], Xu et al. [22] 
used in-situ and laboratory large-scale direct shear tests to 
study the macroscopic mechanical properties and micro-
structure characteristics of SRM with different water con-
tent and different shear rates. Zhang et al. [23] through 
triaxial tests on SRM containing oversize rock blocks, 
revealing that the breakage and interlocking of oversize 
rock blocks are two important factors controlling the 
mechanical properties of SRM. The above research objects 
were mainly laboratory disturbance or undisturbed SRM 
samples at a certain position, and almost no consideration 
is given to the variability of the mechanical properties of 
the SRM distributed at different locations in space.

In this paper, the SRM distributed at different locations 
on the slope were taken as the research object. Large-scale 
direct shear tests were carried out on site, and large-scale 
direct shear tests, water content tests, particle grading 
tests and natural density tests were carried out in labora-
tory on the undisturbed SRM samples. Experiments were 
carried out to study the evolution law of shear mechanical 
properties of SRM along and transverse the slope. Finally, 
the spatial evolution models of cohesive and friction angle 
of SRM were given.

2 Experiment Scheme
Due to the simple structure and convenient operation of 
direct shear test equipment, it is widely used to test the 
shear strength parameter of geomaterials [24]. The main 
test methods used in this paper are large-scale direct shear 
test on site and in the laboratory.

2.1 In-situ large-scale direct shear test scheme
2.1.1 In-situ test equipment system
In-situ direct shear test was carried out on the SRM using 
a self-made large-scale direct shear test equipment sys-
tem, which consists of vertical and horizontal reaction 
frame, vertical and horizontal loading jacks, shear boxes, 
dial indicators, and sliding tracks, as shown in Fig. 1. The 
shape of the shear boxes is square, the length and width 
are 500 mm, and the upper and lower shear boxes heights 
are each 200 mm.

2.1.2 In-situ test locations selection
Four locations were selected to carry out in-situ large-scale 
direct shear tests. The test locations are numbered YWZJ1, 
YWZJ2, YWZJ3, and YWZJ4, and the corresponding ele-
vation are 170.7 m, 176.7 m, 186.4 m, and 189.7 m, as shown 
in Fig. 2. The three test locations of YWZJ4, YWZJ2, and 
YWZJ1 are distributed along the slope from high to low, 
YWZJ4 and YWZJ3 are distributed along the transverse 
slope. On the third day after the completion of the tests, the 
YWZJ1 was submerged by the Yangtze River.

2.1.3 In-situ sample preparation
According to the size of the shear boxes, the samples 
were prepared at the selected locations, 3 samples were 
prepared at each test location, a total of 12 samples were 
made, as shown in Fig. 3.

Fig. 1 In-situ large-scale direct shear test equipment system
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2.2 Laboratory large-scale direct shear test scheme
2.2.1 Laboratory test equipment system
The laboratory direct shear tests were carried out on the 
SRM by using a large-scale direct shear equipment con-
trolled by a microcomputer. The equipment is mainly com-
posed of a hydraulic loading system, data measurement 
and acquisition system, reaction frame, shear boxes, etc., 
as shown in Fig. 4. The inner diameter of the shear boxes 
is 250 mm and the height is 200 mm. Rollers are arranged 
at the bottom of the lower shear box. The upper shear box 
is fixed, and the lower shear box is moved during the shear 
process.

2.2.2 Laboratory samples preparation
In order to improve the reliability of the laboratory test 
data, 4 undisturbed samples were taken at each in-situ test 
location, a total of 16 samples for laboratory direct shear 
test. The diameter of the SRM samples is 240 mm and the 
height is 200 mm. In order to ensure the integrity of the 
samples, a PVC pipe with an inner diameter of 240 mm 
and a height of 200 mm is placed outside each sample, and 
a pre-cut shear channel with a width of 40 mm was cut in 
the middle of the PVC pipe. Three vertical supports were 
arranged at equal intervals within the width of the pre-cut 
shear channel, as shown in Fig. 5.

3 Results analysis of the tests
3.1 Results analysis of in-situ large-scale direct shear tests
The three samples at the same test location were sub-
jected to the normal stress of 50.86 kPa, 76.30 kPa, and 
101.73 kPa. The shearing direction was performed along 
the slope. The shearing was completed when the shear dis-
placement reached 15 % of the sample width.

Fig. 2 Location distribution of in-situ direct shear test.
(a) Photo of the scene, (b) Plan

Fig. 3 Preparation of in-situ direct shear samples Fig. 4 Microcomputer controlled large-scale direct shear equipment
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The typical shear failure surface of the SRM is shown 
in Fig. 6. The shear surface has obvious undulations, and 
some of the rock blocks have been completely cut off.

The shear stress-shear displacement curve under the 
same normal stress at different test locations are shown 
in Fig. 7.

As can be seen from Fig. 7, the peak strength of dif-
ferent test locations satisfies a certain law under the same 
normal stress. In order to show this law more intuitively, 
the curves of peak strength with four test locations under 
three normal stress conditions are drawn, as shown in 
Fig. 8. It can be seen from Fig. 8 that under different nor-
mal stresses, the peak strength increases with the increase 
of normal stress, and the 4 test locations have the same 
pattern. Under the same normal stress, along the slope, 

the peak strength decreases gradually from YWZJ4 to 
YWZJ2, YWZJ2 to YWZJ1, and the decreasing rate from 
YWZJ4 to YWZJ2 is less than the decreasing rate from 
YWZJ2 to YWZJ1. Under the same normal stress, along 
the transverse slope, the peak strength decreases gradu-
ally from YWZJ4 to YWZJ3.

Fig. 5 Undisturbed SRM sample (a) SRM sample before inserting PVC 
pipe; (b) SRM sample after inserting the PVC pipe

Fig. 6 Typical shear surface in the in-situ test

Fig. 7 Shear stress-shear displacement curve of the in-situ large-scale 
direct shear test. (a) 50.86 kPa, (b) 76.30 kPa, (c) 101.73 kPa
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Based on the in-situ large-scale direct shear test results 
and the Mohr Coulomb criterion, the cohesion and friction 
angle of the four test locations were obtained, as shown in 
Tables 1–2.

In order to analyze the variation law of the cohesion 
and friction angle of the SRM in the slope, the degree of 
deterioration is used to indicate the degree of decrease of 
shear strength parameters, and the degree of strengthen-
ing is used to indicate the degree of increase of the shear 
strength parameters. As in the Eqs. (1)–(4).
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Where Li is the total deterioration degree of the parame-
ters, ΔLi is the stage deterioration degree of the parameters, 
lz is the shear strength parameters obtained at the reference 
test location, li and li+1 are the shear strength parameters 
obtained at other test locations, i is test location number, 
Hz is elevation of reference test location, Hi and Hi+1 are ele-
vation of other test locations, Qi is the total strengthening 
degree of the parameters, ΔQi is the stage strengthening 
degree of the parameters, qz is the shear strength parame-
ters obtained at the reference test location, qi and qi+1 are the 
shear strength parameters obtained at other test locations.

Taking the shear strength parameters of the highest test 
point YWZJ4 as the reference test location, calculate the 
total strengthening degree and stage strengthening degree 
of cohesion, total deterioration degree and stage deteriora-
tion degree of friction angle, along slope direction YWZJ4 
(i = 3), YWZJ2 (i = 2), YWZJ1 (i = 1), and transverse slope 
direction YWZJ4 (i = 2), YWZJ3 (i = 1). The results are 
summarized in Table 1, Table 2 and Fig. 9. Since there are 
only two test locations in the transverse slope direction, the 
total strengthening degree, the total deterioration degree, 

Fig. 8 Peak strength change curves at four in-situ test locations

Table 1 Cohesion and friction angle of the in-situ test along slope

Test location 
number

Elevation of test 
location (m) c(kPa) Total strengthening 

degree (kPa/m)
Stage strengthening 

degree (kPa/m) φ(°) Total deterioration 
degree (°/m)

Stage deterioration 
degree (°/m)

YWZJ4 189.7 60.41 - - 39.52 - -

YWZJ2 176.7 65.06 0.36 0.36 34.02 0.42 0.42

YWZJ1 170.7 69.93 0.50 0.81 28.81 0.56 0.87

Table 2 Cohesion and friction angle of the in-situ test along the transverse slope

Test location number Elevation of test location (m) c(kPa) Total strengthening degree (kPa/m) φ(°) Total deterioration degree (°/m)

YWZJ4 189.7 60.41 - 39.52 -

YWZJ3 186.4 60.54 0.04 38.65 0.26

Fig. 9 The evolution law of cohesion and friction angle in the in-situ 
direct shear tests
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the stage strengthening degree, and the stage deterioration 
degree value are the same, so only the total strengthening 
degree and the total deterioration degree are listed in Table 2.

As can be seen from Tables 1–2 and Fig. 9 that the evolu-
tion law of the shear strength parameters of the SRM along 
the slope to the test locations YWZJ4, YWZJ2, YWZJ1 is 
that the cohesion increases from 60.41 kPa to 69.93 kPa, 
showing a trend of continuous strengthening; the friction 
angle decreased from 39.52° to 28.81°, showing a trend of 
continuous deterioration. The evolution law of the shear 
strength parameters of SRM along the transverse slope 
to the test locations YWZJ4, YWZJ3 is that the cohesion 
increases from 60.41 kPa to 60.54 kPa, which is a certain 
strengthening but not obvious; the friction angle is reduced 
from 39.52° to 38.65°, the deterioration trend is more obvi-
ous than the strengthening tendency of cohesion. In gen-
eral, the variability of the shear strength parameters of the 
SRM along the slope direction is greater than that of the 
transverse slope direction.

In order to further study the influence of spatial loca-
tion on the shear strength parameters of SRM, large-scale 
direct shear test, particle sieving test, density test and 
water content test were carried out on undisturbed sam-
ples in the laboratory.

3.2 Analysis of laboratory test results
3.2.1 Analysis of laboratory large-scale direct shear test 
results
Before carrying out the direct shear test, it was necessary 
to remove the shear channel on the PVC pipe outside the 
undisturbed SRM sample to avoid the influence of the PVC 
pipe on the shear surface. Three vertical supports were 
reserved to prevent misalignment of PVC pipe during nor-
mal force application. One transverse joint was cut on each 
of the three vertical supports to reduce the influence of the 
vertical supports on shear strength, as shown in Fig. 10.

The treated undisturbed SRM sample was placed in a 
shear box according to the indicated direction, and normal 
stresses of 100 kPa, 200 kPa, 300 kPa, and 400 kPa were 
applied to each of the four samples at each test location. 
When the shear displacement reached 15 % of the sample 
diameter, the shear was completed.

The undisturbed samples of the SRM were numbered 
SNZJ1, SNZJ2, SNZJ3, and SNZJ4, and the correspond-
ing test locations elevation were 170.7, 176.7, 186.4, and 
189.7, respectively. The shear stress and displacement 
curves of the same normal stress corresponding to differ-
ent test locations are shown in Fig. 11.

It can be seen from Fig. 11 that under the same normal 
stress, the variation law of the peak strength at different 
test locations is consistent with the in-situ direct shear test. 
In order to show this variation law more intuitively, the 
curve of peak strength changing with four test locations 
under three normal stress conditions is drawn, as shown in 
Fig. 12. It can be seen from Fig. 12 that under different nor-
mal stresses, the peak strength increases with the increase 
of normal stress, the change laws of the four test locations 
are consistent. Under the same normal stress, along the 
slope direction, the peak strength gradually decreases from 
SNZJ4 to SNZJ2, and fromSNZJ2 to SNZJ1. The decreas-
ing rate from SNZJ4 to SNZJ2 is less than the decreasing 
rate from SNZJ2 to SNZJ1. Under the same normal stress, 
along the transverse slope, the peak strength gradually 
decreases from SNZJ4 to SNZJ3, and the decreasing rate is 
basically consistent with that of SNZJ4 to SNZJ2.

The method of processing in-situ direct shear test results 
was used to process the results of laboratory direct shear 
test, the total strengthening degree and stage strength-
ening degree of cohesion, total deterioration degree and 
stage deterioration degree of friction angle were calcu-
lated respectively. The results are summarized in Table 3, 
Table 4 and Fig. 13.

It can be seen from Table 3–4 and Fig. 13 that the shear 
strength parameters of the SRM increase along the slope 
to the test locations SNZJ4, SNZJ2 and SNZJ1. The cohe-
sion increases from 54.67 kPa to 66.25 kPa, which is con-
tinuously strengthened trend; the internal friction angle 
decreased from 34.27° to 27.02°, showing a trend of con-
tinuous deterioration. The evolution law of shear strength 
parameters of SRM along the transverse slope to the test 
locations SNZJ4 and SNZJ3 is that the cohesion increases 

Fig. 10 Schematic diagram of undisturbed sample treatment
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Fig. 11 Shear stress-shear displacement curve of the laboratory large-scale direct shear test. (a) 100 kPa, (b) 200 kPa, (c) 300 kPa, (d) 400 kPa

Table 3 Cohesion and friction angle of laboratory test along slope

Test location 
number

Elevation of test 
location (m) c(kPa) Total strengthening 

degree (kPa/m)
Stage strengthening 

degree (kPa/m) φ(°) Total deterioration 
degree (°/m)

Stage deterioration 
degree (°/m)

SNZJ4 189.7 54.67 - - 34.27 - -

SNZJ2 176.7 59.48 0.37 0.37 30.05 0.32 0.32

SNZJ1 170.7 66.25 0.61 1.13 27.02 0.38 0.51

Fig. 12 Peak strength change curve of laboratory test Fig. 13 The law of cohesion and friction angle evolution laboratory 
direct shear tests
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Table 4 Cohesion and friction angle of laboratory test along the transverse slope

Test location number Elevation of test location (m) c(kPa) Total strengthening degree (kPa/m) φ(°) Total deterioration degree (°/m)

SNZJ4 189.7 54.67 - 34.27 -

SNZJ3 186.4 54.85 0.05 33.48 0.24

from 54.67 kPa to 54.85 kPa, which is a certain strengthen-
ing but not obvious; the internal friction angle is reduced 
from 34.27° to 33.48°, the deterioration trend is more obvi-
ous than the strengthening tendency of cohesion. In gen-
eral, the variability of the shear strength parameters of the 
SRM along the slope direction is greater than that of the 
transverse slope direction.

3.2.2 Evolution mechanism analysis
The factors affecting the shear strength parameters of the 
SRM include rock block properties, shear rate, water con-
tent, compactness, and rock content. Because the test loca-
tions are selected in the same geological layer on the same 
slope, the soil in the SRM sample is clay, the rock blocks 
are all sandstone and siltstone with the same properties. 
Therefore, the influence of the properties of soil and rock 
blocks on the shear strength parameters of the sample was 
not considered. The shear rate was controlled at 1 mm/min 
in both the in-situ and laboratory large-scale direct shear 
tests. The shear rate was the same, and the influence of the 
shear rate on the shear strength parameters of the SRM 
was also not considered. In this paper, the evolution mech-
anism of the shear strength parameters of the SRM in dif-
ferent spatial locations was studied by testing the water 
content, compactness, and rock content of the samples.

The water content, natural density and particle siev-
ing test of the samples at four test locations SNZJ4, 
SNZJ3, SNZJ2, and SNZJ1 were sequentially numbered. 
The water content test was numbered SNWC4, SNWC3, 
SNWC2, SNWC1, and the natural density test was num-
bered SNDS4, SNDS3, SNDS2, SNDS1, particle sieving 
test was numbered SNRC4, SNRC3, SNRC2, SNRC1. The 
water content and natural density of the undisturbed SRM 
samples were measured, as shown in Tables 5–6.

Table 5 Water content of undisturbed SRM

Number SNWC4 SNWC3 SNWC2 SNWC1
Water content (%) 15.39 15.15 15.67 16.61
Standard deviation 0.554

Table 6 Natural density of undisturbed SRM

Number SNDS4 SNDS3 SNDS2 SNDS1
Natural density (g·cm–3) 1.905 1.896 1.921 1.940
Standard deviation 0.017

As can be seen from Table 5, the water contents of the SRM 
at the four test locations are between 15.15 % and 16.61 %. 
The water content of SRM at the SNZJ1 test location is the 
highest, while the water content of the SRM at the other three 
test locations is close. The main reason is that the SNZJ1 
test location is closest to the Yangtze River. The standard  
deviation of the water content of the SRM at the four test 
locations is 0.554, indicating that the water content devia-
tion was not large. It can be seen from Table 6 that the natu-
ral density of the SRM at the four test locations are between 
1.940 g·cm–3 and 1.896 g·cm–3, and the standard deviation is 
0.017, indicating that the natural density deviation is small. 
Based on the above analysis, the water content and natural 
density of the SRM samples at the four test locations have 
little difference, which is not the fundamental cause for the 
evolutionary law of the shear strength parameters.

In order to avoid the impact on the original rock content 
of SRM caused by the broken rock blocks in the process of 
direct shear test, the SRM beyond 200 mm from the shear 
surface was taken as the test object for particle sieving test. 
The grading curves of undisturbed SRM at four test loca-
tions are shown in Fig. 14, and the calculated unevenness 
coefficient and curvature coefficient are shown in Table 7.

According to the scholars put forward the classification 
standard of soil and rock blocks which is related to the 
characteristic size of SRM engineering [25, 26]. In this 
paper, a cylindrical shear box with a diameter of 250 mm 
and a height of 100 mm was selected for the direct shear 
test of SRM. Therefore, the threshold value dthr = 5 mm 
for the boundary between soil and rock blocks, and the 
maximum particle size of rock blocks should not exceed 
75 mm. See Table 8 for the rock content of each original 
sample. The rock contents of the undisturbed SRM at dif-
ferent test locations are different, among which the rock 
contents of SNRC4, SNRC2 and SNRC1 differ greatly, 
while the rock contents of SNRC4 and SNRC3 are almost 
equal. This may be because the lower the elevation along 

Table 7 Unevenness coefficient and curvature coefficient of 
undisturbed SRM samples

Number SNRC4 SNRC3 SNRC2 SNRC1

Curvature coefficient (Cc) 0.87 0.67 0.93 0.33

Unevenness coefficient (Cu) 27.42 48.57 26.77 24.97
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Table 8 Rock content of undisturbed SRM samples

Number SNRC4 SNRC3 SNRC2 SNRC1

Rock content (%) 36.20 35.80 32.30 28.70

the slope, the greater the thrust, and the rock blocks in the 
SRM are more broken and the particle size is smaller, so 
the rock content is lower. In addition, the seepage and drag 
action of rainwater in the slope, which brings fine particles 
in the SRM from high to low, which is also the reason for 
the decrease of the rock content of SRM along the slope.

Many scholars have studied the effect of rock on the 
shear mechanical properties of the SRM. The results show 
that when the rock content is less than 40 %, the cohesive 
increases with the decrease of the rock content, and the 
friction angle decreases with the decrease of rock content 
[18, 27]. The experimental results in this paper are consis-
tent with the existing research results, as shown in Fig. 15.

4 Evolution law of shear strength parameters
According to the analysis of the cohesive and friction 
angle of the SRM at the four test locations measured by 
the in-situ test and the laboratory test, the cohesive and 
friction angle of the three test locations along the slope 
change greatly and cannot be ignored. However, the cohe-
sion and friction angle of the two test locations along the 
transverse slope hardly changed, which can be ignored.

If the cohesive and friction angle of SRM change con-
tinuously along the slope direction, the evolution models 
of cohesion and friction angle with elevation can be estab-
lished according to the test results. The test results are 
shown in Table 9.

Since the in-situ test results are larger than the laboratory 
test results, it is necessary to establish the evolution models 
of cohesion and friction angle with elevation respectively. 

Table 9 In-situ and laboratory test results

Number Elevation of test 
location (H/m)

In-situ test 
results

Laboratory test 
results

c (kPa) (φ/°) c (kPa) (φ/°)

ZJ4 189.7 60.41 39.52 54.67 34.27

ZJ2 176.7 65.06 34.02 59.48 30.05

ZJ1 170.7 69.93 28.81 66.25 27.02

The evolution models based on in-situ test results are used 
as the upper bounds of cohesion and friction angle. The 
evolution models based on laboratory test results are used 
as the lower bounds of cohesion and friction angle.

The evolution curves of cohesion and friction angle of 
the SRM with the test locations elevation are shown in 
Fig. 16. The evolution models of cohesion and friction angle 
of the SRM with the elevation are shown in Eqs. (5)–(10).

Fig. 14 Grading curves of undisturbed SRM samples

Fig. 15 Variation of shear strength parameters with rock content.  
(a) Variation of friction Angle with rock content, (b) Variation of 

cohesion with rock conten
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Evolution model of cohesive of the SRM with elevation 
(upper bounds):

c h hu = − +0 0239 9 1122 929 17
2

. . . .  (5)

Evolution model of cohesive of the SRM with elevation 
(lower bounds):

c h hl = − +0 0399 14 994 1462 72
2

. . . ,  (6)

[ ] .c c c cl u0
≤ < ≤ [ ]  (7)

Evolution model of friction angle of the SRM with ele-
vation (upper bounds):

ϕu h h= 0.0234− + −2
9 0095 826 26. . .  (8)

Evolution model of friction angle of the SRM with ele-
vation (lower bounds):

ϕl h h= − + −0 0095 3 8032 345 55
2

. . . ,  (9)

[ ] .ϕ ϕ ϕ ϕ
0
≤ < ≤ [ ]l u  (10)

Where, cu and cl are the lower and upper bounds of the 
cohesion of SRM at any elevation, (kPa); h is the eleva-
tion at any location, (m); [c0] and [c] are the minimum and 
maximum values of cohesion of SRM, (kPa); φu and φl are 
the lower and upper bounds of the friction angle of SRM at 
any elevation, (°); [φ0] and [φ] are the minimum and max-
imum values of friction Angle of SRM, (°).

5 Conclusions
In order to study the influence of spatial distribution on 
the shear mechanical properties of the SRM, this paper 
selects three test locations along the slope and selects two 
test locations along the transverse slope direction, and car-
ries out in-situ and laboratory large-scale direct shear test, 
particle sieving analysis, water content test and natural 
density test. The main conclusions are as follows:

1. The spatial position affects the peak strength of 
the SRM. Under the same normal stress, the peak 
strength decreases with the decrease of the elevation, 
and the decrease rate is similar along the slope direc-
tion and the transverse slope direction.

2. The spatial position affects the cohesion and friction 
angle of the SRM. With the decrease of the elevation 
of the test location along the slope, the total strength-
ening degree of cohesion is 0.36 kPa/m – 0.61 kPa/m, 
and the total deterioration degree of cohesion is 
0.32°/m – 0.56°/m. Although the elevations of the two 
test locations along the transverse slope have some 
differences, the changes of cohesion and friction 
angle are not obvious.

3. The evolution mechanisms of the cohesion and fric-
tion angle of the SRM with the spatial position are as 
follows: First, under the action of gravitational force, 
the geological materials move from upper elevations 
to lower elevations, causing the decrease of the rock 
content; second, the lower the elevation along the 
slope, the greater the thrust generated by the slope, 
and the more broken and smaller the size of the rock 
blocks in the SRM, resulting in the decrease of the 
rock content; finally, the seepage drag force gener-
ated by rainfall in the slope body will bring the fine 
particles in the SRM from high to low, which is also 
the cause of the decrease of the rock content along 
the slope.

Fig. 16 Evolution curves of shear strength parameters with test location 
elevation (a) In-situ test results (upper bounds), (b) Laboratory test 

results (lower bounds)
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4. According to the data obtained from the in-situ and 
laboratory direct shear tests of the SRM, the evolu-
tion model of the cohesion and friction angle along 
the slope direction is established, which can provide 
a reference for the determination of shear strength 
parameters of the SRM in slope stability calculation.
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