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The cycle of the freeze-thaw action must be taken into account in the stability analysis of an open pit slope in the high-altitude and
cold regions, because the natural process of freeze-thaw poses a significant effect on mechanical properties of the rock mass. To
achieve this purpose, a linear relationship between the geological strength index (GSI) and the Tianshan slope rock mass rating
(TSMR) system is established considering the effect of the freeze-thaw action by introducing a freeze-thaw correction
coefficient δ. The GSI value is modified for rock mass in high-altitude and cold regions. The improved Hoek-Brown criterion
considers the influences of the freeze-thaw action and steep and gentle slopes. The research outcome is applied in the No. 4
minefield open pit coal mine in the Muli mining area. Numerical calculations are performed by inputting rock mass
mechanical parameters obtained in traditional and modified criterions, to discuss the influences of the freeze-thaw action on
the stabilities of both the present mining slope and the final slope at the end of the designed mining. The results show that the
safety factors of the original slope are 2.33 and 1.67, respectively, while after the modification, they are 2.14 and 1.61,
respectively. In terms of the No. 4 minefield open pit coal mine, the slope stability meets the design requirement, although
taking the freeze-thaw cycle into account.

1. Introduction

Slope stability analysis has always been one of the basic
problems in the field of geotechnical engineering. At present,
some fruitful results have been achieved in the analysis of
slope stability under normal temperature [1]. However, the
research of rock slope stability under freeze-thaw cycles in
cold regions is still in its infancy [2]. The freeze-thaw cycle
normally causes the deterioration of mechanical properties
of the rock mass [3–5], thus leading to slope instability. It
is an urgent task to study the influence of the freeze-thaw
action on rock slope stability.

Reasonable determination of rock mass mechanical
parameters is the basis of slope stability analysis and slope
treatment, and it is also one of the difficulties in rock
mechanics research and development [6]. At present, many
methods have been widely used to determine rock mechan-

ical parameters [7–17]. Practice has proven that when rock
mechanical parameters are modified and converted into
rock mass mechanical parameters, the results could better
meet the engineering needs [17]. Such modification is based
on laboratory rock experiments and tests and by taking a
comprehensive list of factors into account such as the types
and characteristics of rock structural planes, stress state, rock
disturbance, size effect, and groundwater. The Hoek-Brown
criterion as a typical example has attracted wide attention
from both academia and engineering geological fields, and
it has been widely applied as well. Currently, it has become
one of the most recommended methods by the International
Society for Rock Mechanics and Rock Engineering (ISRM)
[17–21].

The Hoek-Brown criterion could reflect the intrinsic and
nonlinear failure characteristics of the rock and rock mass as
well as the influence that the structural plane and stress state
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exert on rock mass strength. It could also be used to explain
the influence of the low stress zone, tension stress zone, and
minimum principal stress on rock mass strength. In addition
to the above, it can be extended to the description of the
fractured rock mass and anisotropic rock mass. The latest
edition is the generalized Hoek-Brown strength criterion
[18, 21], which was proposed in 2002. In its expression, the
disturbance factor D which considers the effect of stress
relaxation and near blast damage is introduced, and a
parameter selection method based on the geological strength
index (GSI) is proposed. The Hoek-Brown strength criterion
is empirical. Determining the two parameters is crucially sig-
nificant for selecting rock mass strength parameters. Hence,
many scholars have carried out in-depth analysis and
research on the values of D and GSI [22, 23].

The freeze-thaw action causes damage to rocks and thus
is not conducive to the stability of the rock slope. Under the
action of freeze-thaw cycles, the rock mass undergoes freeze-
thaw damage and its strength decreases. Especially for the
fractured rock mass containing water, water-ice phase trans-
formation occurs at low temperature. As the ice body grows
and volume expands, tensile stress occurs around the pore
and at the tip of the fracture, which causes rock mass frost
heave and cracking. Recurrent freeze-thaw weakens the
integrity and strength index of the rock mass. When the
Hoek-Brown criterion is used to determine rock mass
parameters, the effect of freeze-thaw cycles on GSI must be
considered. At present, the experimental method is a major
one applied to study the physical and mechanical properties
of rock mass in cold regions. According to this method, the
effects of freeze-thaw cycles on the physical and mechanical
parameters of the rock mass under different conditions have
been discussed. However, the problem remains unsolved
regarding how to determine the mechanical parameters of
the rock mass based on the experimental results.

This paper establishes the relationship between GSI and
TSMR and presents an improved Hoek-Brown criterion.
The proposed theoretical analysis is applied in an engineer-
ing case, well demonstrating the influence of freeze-thaw
cycles on the slope stability. The outcome of this research
is useful for the slope design of similar projects.

2. Quality Evaluation of Rock Mass Slope in
Cold Regions

The No. 4 Minefield open pit coal mine is located in the
Juhugeng Coal Mine Area in the Northeast of Qinghai Prov-
ince. It is part of the Qinghai-Tibet Plateau. Its approximate
location is shown in Figure 1. The highest altitude in the area
is 4083.20m, and the lowest altitude is 3814.30m. The low-
est temperature is mainly in January to February and the
lowest recorded temperature is -36°C, whereas the highest
temperature is in July to August with the highest recorded
temperature of 19.8°C. The annual average temperature is
-4°C and the annual average ground temperature is -1.0°C
to -3.5°C. Surface water freezes from October and thaws
until April next year; as a result, it is below 0°C for nearly
six months every year. The maximum seasonal freezing
depth of the Muli mining area is about 8.25m. Because the
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Figure 1: Location of the area under study.

Table 1: Rock strength parameters after freeze-thaw tests.

Number of freeze-thaw
cycles

Average saturated compressive strength
(MPa)

Coarse
sandstone

Fine
sandstone

Muddy
siltstone

0 104.1 114.8 89.6

30 90.1 98.8 73.1

60 83.9 86.7 58.7

90 74.2 79.6 50.1

120 64.4 72.3 42.3

Table 2: Freeze-thaw coefficients of rock samples.

Number of freeze-thaw
cycles

Average saturated compressive strength
(MPa)

Coarse
sandstone

Fine
sandstone

Muddy
siltstone

0 1 1 1

30 0.87 0.95 0.82

60 0.81 0.76 0.66

90 0.71 0.69 0.56

120 0.62 0.63 0.47

Figure 2: Relationship between freeze-thaw coefficients and freeze-
thaw cycle times.
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coal mine is located in the permafrost area of the Qinghai-
Tibet Plateau, the influence of freeze-thaw action on open
pit slope stability must be considered.

2.1. Freeze-Thaw Coefficient. At present, the relevant regula-
tions and standards about freeze-thaw tests in China are as
follows: Rock Test Rules for Water Conservancy and Hydro-
power Engineering (SL264-2001), Rock Test Rules for High-
way Engineering (JTGE41-2005), and Engineering Rock
Test Method Standard (GBT 50266-2013). However, these
codes and standards do not provide fully unified standards
for the operation and requirements of freeze-thaw experi-
ments, and due to lack of consistent understanding of
freeze-thaw experiments at the international level, even the
ISRM recommended standards for rock experiments are no
exception.

According to the geological investigation report and the
temperature variation pattern in the Muli mining area, the
freeze-thaw cycling experiments were carried out with
coarse sandstone, fine sandstone, and muddy siltstone as
representative rock samples. The samples were set to freeze
at -25°C for 8 hours in a cryogenic refrigerator before being
taken out. Lukewarm water would then be injected into the
test box and the water temperature was kept at 25°C for 8
hours for sample thawing. The rock uniaxial compressive
strength was measured after the freeze-thaw cycle times were
set at 0, 30, 60, 90, and 120. The experimental results are as
shown in Table 1 [24, 25].

The definition of the rock freeze-thaw coefficient is con-
sistent in the preceding specification standards. In this
paper, the definition of the freeze-thaw coefficient is quoted
from the Engineering Rock Mass Test Method Standard
(GBT 50266-2013):

K fm =
�Rfm

�Rw

, ð1Þ

where Kfm is the freeze-thaw coefficient of rock samples,
�Rfm is the average rock saturated uniaxial compressive
strength after freeze-thaw cycles, and �Rw is the average rock

saturated uniaxial compressive strength before freeze-thaw
cycle tests. The freeze-thaw coefficient of rock samples can
be obtained as shown in Table 2.

Table 2 shows that as the number of freeze-thaw cycle
times increases; the freeze-thaw coefficients of the three
kinds of rock samples gradually decreased to quite a differ-
ent extent, which can also be seen from Figure 2. As a matter
of fact, the freeze-thaw coefficients reflect the sensitivity of
different rocks to freeze-thaw action. Specifically, the coeffi-
cient reduction of muddy siltstone is the largest, followed by
coarse sandstone and fine sandstone. Since the influence of
freeze-thaw action on rock mass quality is not limited to a
single factor, it is necessary to modify the whole evaluation
system before the introduction of the freeze-thaw coefficient.
Therefore, the correction coefficient δ of rock freeze-thaw
action is introduced to evaluate the influence of freeze-
thaw action on rock mass quality. The quantification of the
correction coefficients is mainly based on some existing rock
freeze-thaw coefficient data. In addition, the hardness of
rock mass, in combination with experience and field investi-
gation, should also be considered.

The relationship between rock hardness, uniaxial com-
pressive strength, and freeze-thaw correction coefficient is
shown in Table 3. Combined with joint fissure investigation
and uniaxial compression, the results suggest that coarse
sandstone is hard rock and fine sandstone and muddy silt-
stone are relatively hard rock. The freeze-thaw correction
coefficients are shown in Table 4.

2.2. Quality Classification of Slope Rock Mass. So far, many
empirical rock mass quality classification systems have been
put forward around the world. Some of them are directly or
indirectly used in slope rock mass such as Q, RMR, MRMR,
SMR, M-RMR, SRMR, and CSMR [26]. At present, there are
still no relevant standard operational procedures and evalu-
ation systems for slope engineering rock mass in open pit
mines with high-altitude and cold conditions. The CSMR
evaluation system introduces a height correction coefficient
and structural plane correction coefficient, which are suit-
able for high slopes where hydropower projects are con-
structed. On this basis, Zhang et al. [27] introduced the
freeze-thaw coefficient and established the rock mass quality
evaluation system TSMR, which is suitable for highway slope
engineering in a cold and high-altitude environment. Luo
et al. [28], based on the TSMR evaluation system, analyzed
the slope stability in the Mengku Iron Mine. No.4 minefield
open pit mine in the Muli mining area which is located in
high-altitude and cold areas, which meets the application
conditions of the TSMR evaluation system. Hence, TSMR

Table 3: Corresponding relationship between rock uniaxial compressive strength, rock hardness, and rock freeze-thaw correction
coefficients.

Rock uniaxial compressive strength Rc > 60MPa 30MPa < Rc ≤ 60MPa 15MPa < Rc ≤ 30MPa 5MPa < Rc ≤ 15MPa Rc ≤ 5MPa

Rock types Hard rock Relatively hard rock Relatively soft rock Soft rock
Special soft

rock

Freeze-thaw correction coefficients
(δ)

≥0.9 0.7‐0.9 0.5‐0.7 0.2‐0.5 ≤0.2

Table 4: Freeze-thaw correction coefficients of rock mass in Muli
mining area.

Lithology Freeze-thaw correction coefficient

Coarse sandstone 0.9

Fine sandstone 0.85

Muddy siltstone 0.7
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is used herein to evaluate the rock mass quality in the No. 4
minefield open pit mine. The TSMR expression is as follows:

TSMR = δξRMR − λ F1F2F3ð Þ + F4, ð2Þ

where δ and ξ are the freeze-thaw correction coefficient and
slope height correction coefficient, respectively; ξ = 0:57 +
0:43ðHr/HÞ, where Hr = 80m and H is the slope height;
λ is the structural plane condition coefficient, and a geo-
logical report shows that there are faults in the mining
area and λ = 1; F1 refers to the adjustment value of the
dip direction between discontinuity and the slope surface;
F2 is the adjustment value of the dip angle of discontinu-
ities; and F3 is the adjustment value of the dip angle
between discontinuity and the slope surface. The values
of F1, F2, and F3 are shown in Table 5. F4 = 10 which
is the adjustment factor of slope excavation and can be
obtained through engineering practice experience and pre-
splitting blasting. Based on Equation (2) and the correc-
tion of slope parameters, the TSMR calculation results of
the slope rock mass are shown in Table 6.

3. Rock Mass Quality Parameters of Open
Pit Slope

Since Hoek-Brown failure criterion was put forward in 1980
by E. Hoek and E. T. Brown, it has been widely applied in

the field of rock mass engineering, and a series of practical
engineering problems have been solved. At the same time,
it has also attracted more scholars to conduct theoretical dis-
cussion. The latest version is expressed as follows [20]:

σ1 = σ3 + σc mb
σ3
σc

+ s
� �a

, ð3Þ

mb =mi exp
GSI − 100
28 − 14D

� �
, ð4Þ

s = exp
GSI − 100
9 − 3D

� �
, ð5Þ

a =
1
2
+
1
6

e−GSI/15 − e−20/3
� �

, ð6Þ

where σ1 and σ3 are the major and minor principal stresses,
respectively; σc is the uniaxial compressive strength of the
intact rock; mb, s, and a are the empirical parameters reflect-
ing rock mass characteristics; the value of mi is 13, 15, and 5
for coarse sandstone, fine sandstone, and muddy siltstone,
respectively; D is the disturbance factor, which is related to
the rock mass excavation mode and disturbance degree.
The research object herein is located in a large open pit coal
mine and is excavated by blasting, so D = 1; GSI is the geo-
logical strength index for short. With regard to the determi-
nation of the GSI value, Hoek, Kaiser, and Brown established
the relationship between the GSI and RMR values, namely,

GSI = RMR76, RMR76 > 18, ð7Þ

GSI = RMR89 − 5, RMR89 > 23, ð8Þ
where RMR76 and RMR89 are rock mass classification sys-
tems established by Bieniawski in 1976 and 1989, respec-
tively. Based on the RMR system, TSMR is a rock mass
quality evaluation method that takes into account the
freeze-thaw behavior, rock mass structure, and slope height.
Therefore, for rock mass slope engineering in cold and high-
altitude regions, the GSI value can be expressed as follows:

GSI = TSMR76, TSMR76 > 18, ð9Þ

Table 5: Adjustment values of occurrence on discontinuous planes in Muli mining area.

Condition Very favorable Favorable Ordinary Unfavorable Very unfavorable

Plane failure

∣αj − αs ∣
∣αj − αs − 180° ∣ >30° 30°‐20° 20°‐10° 10°‐5° <5°

F1 0.15 0.4 0.70 0.85 1.00

Plane failure
∣βj ∣ <20° 20°‐30° 30°‐35° 35°‐45° >45°

F2 0.15 0.4 0.70 0.85 1.00

Plane failure
βj − βs >10° 10°‐0° 0° 0°‐10° <-10°

F3 0 6 10 25 30

Note: αj : discontinuous plane inclination; αs: slope inclination; βj: discontinuous plane angle; βs: slope angle.

Table 6: TSMR values of slope rock mass in Muli mining area.

Lithology TSMR values

Coarse sandstone 56

Fine sandstone 58

Muddy siltstone 50

Table 7: GSI values of slope rock mass in Muli mining area.

Lithology GSI

Coarse sandstone 51

Fine sandstone 53

Muddy siltstone 45
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GSI = TSMR89 − 5, TSMR89 > 23: ð10Þ
The GSI values of different lithologies in the No. 4 mine-

field open pit coal mine of the Muli mining area can be
obtained from the above equation. The results are tabulated
in Table 7.

In addition, in 2002, Hoek also gave the estimation equa-
tion of the deformation modulus of rock mass.

E = 1 −
D
2

� � ffiffiffiffiffiffiffi
σc
100

r
10 GSI−10ð Þ/40 σci < 100MPað Þ, ð11Þ

E = 1 −
D
2

� �
10 GSI−10ð Þ/40 σci > 100MPað Þ: ð12Þ

In the stability analysis of rock slope engineering, the
limit equilibrium method and many kinds of numerical soft-
ware are based on the Mohr-Coulomb failure criterion. On
the basis of the strength parameters of the Hoek-Brown cri-
terion, E. Hoek proposed the following expressions for cal-
culating the internal friction angle and cohesion of the
Mohr-Coulomb criterion:

c =
σc 1 + 2að Þs + 1 − að Þmbσ3n½ � s +mbσ3nð Þa−1

1 + að Þ 2 + að Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + 6amb s +mbσ3nð Þa−1/ 1 + að Þ 2 + að Þ½ �

q ,

ð13Þ

φ = sin−1
6amb s +mbσ3nð Þa−1

2 1 + að Þ 2 + að Þ6amb s +mbσ3nð Þa−1
" #

, ð14Þ

where σ3n = σ3 max/σc, and the relationship between σ3 max,
the upper limit of the confining stress, and σcm, the rock
mass strength, is as follows:

σ3 max
σcm

= k
σcm

γH

� �m

, ð15Þ

where k and m are empirical parameters, γ is the unit weight
of rock mass, and H is the engineering burial depth. The
compressive strength of the rock mass can be determined as

σcm = σc
mb + 4s − a mb − 8sð Þ½ � mb/4 + sð Þa−1

2 1 + að Þ 2 + að Þ : ð16Þ

In slope engineering, Li et al. [29] have corrected the
values of k and m in Equation (15) based on the limit anal-
ysis method. The modified k and m are 0.2 and -1.07 for the
steep slope and 0.41 and -1.23 for the gentle slope.

According to the above expressions, the rock mass
mechanical parameters of the No. 4 minefield open pit coal
mine in the Muli mining area are determined as shown in
Table 8. At the same time, the calculated results herein are
compared with those obtained by generalized the Hoek-
Brown criterion, and the latter are calculated using RocLab
software. Figure 3 shows that the internal friction angle of
the rock mass calculated in this paper is larger than that cal-
culated by the generalized Hoek-Brown criterion. The rea-
son is that under the influence of the freeze-thaw action,
rock mass damage occurs inducing new cracks. As a conse-
quence, the joint surface of rock mass becomes rougher,
and the internal friction angle of the rock mass becomes
larger. The case is especially true for muddy siltstone.
Because of freeze-thaw susceptibility, the numerical results
obtained through the two methods are quite different. As
can be seen from Figure 3, as a result of the freeze-thaw
action, the overall strength of rock mass decreases, and the
calculated cohesion values are smaller than that calculated
by the generalized Hoek-Brown criterion.

4. Engineering Application

4.1. Engineering Survey. The lithology of the strata in the No.
4 minefield open pit coal mine is mainly fine sandstone,
coarse sandstone, and muddy siltstone. The present situa-
tion of open pit mining is shown in Figure 4. The minimum
mining elevation is +4000m and the maximum mining
depth is 135m. The stability analysis herein is made accord-
ing to the geological environment conditions, the present
production situation of open pit mine, and the structural

Table 8: Strength parameters of rock mass on No. 4 minefield slope under freeze-thaw environment.

Lithology
Internal friction angle φ (°) Cohesion c (MPa)

Poisson
ratio

Deformation modulus
E (GPa)

Unit weight
(kN/m3)

Improved Hoek-Brown
criterion

RocLab
Improved Hoek-Brown

criterion
RocLab

Coarse
sandstone

44.5 37.8 0.412 0.669 0.17 5.25 26.89

Fine
sandstone

49.9 42.1 0.259 0.436 0.20 4.89 26.39

Muddy
siltstone

36.9 22.8 0.249 0.270 0.19 2.66 26.59

Figure 3: Comparison of rock mass internal friction angle and
cohesion obtained by two methods.
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characteristics of the slope rock mass. More specifically, the
working slope is a mining face with a small slope angle of
about 12 degrees and good stability, so it is not considered.
Likewise, the end slope is clamped and its stability is good,
so it is not considered either. However, the nonworking
slope has a larger slope angle and higher slope height in
comparison with the working slope and the end slope. On
top of this, a complete working platform has not yet been
formed in Zone I, and the north slope suffered from land-
slides, hence resulting in its poor stability. Therefore, the
present slope stability analysis is conducted at the 1-1 typical
section of Zone I, which is located on the north side of the
nonworking slope. Such stability analysis is also conducted
for the final slope angle designed for the end of mining.

4.2. Stability Analysis of Present Slope. According to the geo-
logical profile and rock mass structure characteristics, the
typical section of the nonworking slope at Zone I is shown

1

1

Working slope
4540 m

Nonworking slope

N

Figure 4: Present situation of open pit mine.

Fine sandstone Coarse sandstone

Muddy
sandstone

Mudstone

Figure 5: Profile of nonworking slope under the present open pit mining situation.

Table 9: Strength parameters of mudstone rock mass on No. 4
minefield slope.

Lithology
Deformation
modulus E
(GPa)

Internal
friction
angle φ

(°)

Cohesion
c (MPa)

Poisson
ratio

Unit
weight
(kN/
m3)

Mudstone 2.78 21.4 0.220 0.25 23.42

1.8

1.9

2.0

2.1

2.2

2.3

2.4

F
S

Hoek-Brown criterion
(Roclab)

Improved Hoek-Brown
criterion

FS:2.14

FS:2.33

Total
displacement (m)

Total
displacement (m)

Figure 6: Slope safety factor and total displacement of the present
nonworking slope in open pit mining (by RocLab and improved
Hoek-Brown criterion).
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in Figure 5. The model contains a group of weak planes with
mudstone as lithology, and its strength parameter is shown
in Table 9. The height of the model slope is 94m. With the
influence of the boundary area of the model on the calcula-
tion results considered, the distance from the bottom to the
left boundary is 145m, the top to the right boundary is
240m, and the total height of the model is 188m [30]. Phase
2 (Ver.8.014) software is used to establish a model and ana-
lyze the slope stability. After meshing, there are 5830 units
and 3042 nodes. The slope surface is a free boundary, with
the bottom boundary of the model fixed, and the left and
right end boundaries constrained horizontally. The rock
mass parameters calculated by the two methods in Table 8
are entered into the model for analysis and calculation, and
the slope safety factor is calculated by the strength reduction
method. The slope safety factors are 2.33 and 2.14, respec-
tively, based on the rock mass parameters obtained by using
RocLab software and the improved Hoek-Brown criterion.
The reason for the difference is that the rock mass strength
is reduced by freeze-thaw action, which is consistent with
the previous analysis. On the whole, no matter which
method is used to calculate the rock mass parameters, the
safety factor of the present slope is highly larger than speci-
fication requirements. This is because the present slope angle
is small, about 28 degrees; therefore, the safety factor is large
and the stability of the slope is good. The overall displace-
ment and meshing of the slope calculated by the two
methods are shown in Figure 6. It shows that the maximum
displacements are 8 cm and 5 cm, respectively, both occur-
ring on steep slopes and weak layers. The analysis shows that
although freeze-thaw cycling reduces the strength of rock
mass, the slope angle of the nonworking side is relatively
gentle, so the safety factor of the slope is large and the stabil-
ity of the slope is good.

4.3. The Final Slope Stability Analysis of Open Pit Mine. The
final slope angle of the open pit mine is a significant techni-
cal parameter, which directly affects the safety and economic
benefits of the mine [30–38]. In the design process of the
No.4 minefield open pit mine, a technical study is carried
out to the final slope angle. In the study of slope engineering
stability, when mining to the designed mining depth (slope
height of 160m), the final slope angle is recommended to
be 34 degrees. The current working conditions are the same

as in the research report. A typical section of the northern
slope (Zone I) is selected as the study section (Figure 7).
Finite element model is established. The model parameters
are the same as that of the present slope as mentioned ear-
lier. The calculation results are shown in Figure 8. The slope
safety factors are 1.67 and 1.61, respectively, based on the
rock mass parameters obtained by using RocLab software
and the improved Hoek-Brown criterion. The maximum
displacement is 16 cm and 13 cm, respectively. The analysis
indicates that the safety factor of the slope calculated by
the improved Hoek-Brown criterion decreased. The reasons
and rules are also due to the freeze-thaw action, which
reduces the strength of the rock mass. The seasonal freezing
depth of the Muli mining area is about 8.25m. Considering
the influence of moisture migration and blasting vibration,
the slope is stable when the final slope angle is 34 degrees,
and the slope angle design is relatively reasonable.

4.4. Discussion. Figure 9 presents the calculation process of
modified rock mass parameters. The freeze-thaw correction
coefficient is introduced to obtain the modified rock mass
TSMR values. The linear relationship between TSMR and
GSI is established to further achieve the values of other

Fine
sandstone

Coarse sandstone 

Mudstone
Muddy
siltstone

Figure 7: Profile of nonworking slope at the end of designed mining.

1.50

1.52

1.54

1.56

1.58

1.60

1.62

1.64

1.66

1.68

F
S

Hoek-Brown criterion
(Roclab)

Improved Hoek-Brown
criterion

FS:1.61

FS:1.67

Total
displacement (m)

Total
displacement (m)

Figure 8: Slope safety factor and total displacement of nonworking
slope at the end of designed mining (by RocLab and improved
Hoek-Brown criterion).
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parameters in the Hoek-Brown criterion. In addition, the
values of empirical parameters k and m are corrected for
the steep slope and the gentle slope. Then, equivalent con-
version of the Hoek-Brown criterion to Mohr-Coulomb cri-
terion is performed. Finally, the values of the rock mass
parameters in the numerical calculation are obtained. All
the parameters of the Hoek-Brown criterion are corrected
throughout the calculation process, because the freeze-thaw
correction coefficient is introduced at the beginning. The
modified rock mass parameters can better describe the
mechanical properties of slopes in high-altitude and cold
regions. Absolutely, the correction of the empirical parame-
ters k andm has more conformity with the actual slope engi-
neering of the open pit mine.

As shown in Figures 6 and 8, it can be seen that after
considering freeze-thaw action, the slope safety factor
decreases by 8.15% and 3.59%, respectively. The decreased
slope safety factor may affect the magnitude of slope inclina-
tion in slope design. Generally, the slope inclination is
designed as large as possible for the economic benefit, when
considering the specification requirements and safety pre-
mise. The reduction of slope inclination caused by the
decreases of the slope safety factor can also affect the mine
production. In addition, it can be seen from Figure 2 that
the rock freeze-thaw coefficient decreases as the number of
freeze-thaw cycles increases, which generally shows that
the freeze-thaw coefficient is reduced with the decrease
of the rock strength. It can be seen from Figure 3 that
when the freeze-thaw action is considered, the internal
friction angle of the rock increases, while the cohesion
decreases. Comprehensive analysis shows that under the
effect of freeze-thaw of rock, the water-ice phase change
causes the initial fractures of rock. The initiated cracks
then expand until new fractures are formed. The forming
of the new cracks may increase the roughness of rock
joints which increase the internal friction angle and

decreases the cohesion. However, the overall integrity is
of the rock destroyed by the forming of the new fractures,
thus reducing its mechanical properties. Since the freeze-
thaw actions have significant effects on the slope stability,
the freeze-thaw effects should be involved in the design
process of the slope as well as production despite the
effects of slope height, slope inclination, and slope rock
parameters on slope stability.

5. Conclusions

According to the characteristics of freeze-thaw effects on
rock mass in high-altitude and cold regions, mechanical
parameters of rock mass are calculated and determined
based on the improved Hoek-Brown criterion. The No. 4
minefield open pit coal mine in the Muli mining area is
taken as an engineering case, and the differences between
the traditional method and the modified method in calculat-
ing slope stability are compared and analyzed. The main
conclusions are drawn as below:

(1) The experimental results show that the strength
parameters of rock mass decrease under the situation
of freeze-thaw cycles, after 120 freeze-thaw cycles,
leading to the freeze-thaw coefficients of coarse
sandstone, fine sandstone, and muddy siltstone
decreasing to 0.62, 0.63, and 0.47, respectively

(2) The Hoek-Brown criterion is modified based on the
linear relationship between TSMR and GSI in the
Hoek-Brown criterion and by considering whether
the slope is steep or gentle. According to the correla-
tion between the Hoek-Brown criterion and the
Mohr-Coulomb criterion, mechanical parameters of
the slope rock mass are determined in open pit
mines in the case of freeze-thaw cycles. Based on

TSMR

s a

Empirical
parameters of

modified Hoek-
Brown criterion

Rock mass
parameters

Disturbance
factor D

GSI: geological strength index

Freeze-thaw correction coefficient 𝛿, slope height correction coefficient 𝜉, RMR, structural plane
condition coefficient 𝜆, adjustment values of occurrence on discontinuous planes F1, F2, F3,

adjustment factor of slope excavation F4

Intact rock characteristic
parameter mi 

m
b

The uniaxial compressive strength of intact rock 𝜎
c

Steep or
gentle slopes

Empirical
parameters k, m

The rock mass
strength 𝜎

cm

The upper limit of
confining stress 𝜎

3max

𝜎
3n

Friction angle 𝜑Cohesion cDeformation modulus E

Figure 9: Calculation process of rock mass parameters.
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improved calculation results, the internal friction
angle of the rock mass is increases by 17.7%, 18.5%,
and 61.8%, and the cohesion is decreased by 38.4%,
40.6%, and 7.8%, respectively

(3) The slope stability in the open pit mine slope is cal-
culated considering the effects of freeze-thaw. The
calculated results show that in terms of the current
slope, the safety factor of its nonworking slope is
2.14, and the maximum displacement occurred at
the steep slope and weak surface with the values of
5 cm. At the end of mining, the slope safety factor
is 1.61, and the maximum displacement is 13 cm.
These decrease the slope safety factor by 8.15% and
3.59%. The improved calculation method of rock
mass parameters can quantitatively reflect the influ-
ence law of freeze-thaw on rock mass strength. Com-
pared with the traditional method, the calculated
safety factor of the slope is more consistent with
the reality of the open pit slope in high-altitude
and cold regions. The improved calculation method
provides theoretical guidance for the design and
evaluation of an open pit slope
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