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Abstract Based on the inclusion theory, the calcu-

lation formula of additional water pressure caused by

the change of external stress state of fracture water in

rock-mass is deduced, and its rationality and correct-

ness are verified by numerical experiments. Then,

using the rock fracture process analysis system

RFPA2D-flow and considering the influence of addi-

tional water pressure, the fracture failure process of

rock-mass with multiple (2, 3 and 4 fractures)

nonparallel fractures (dip angles are not repeatedly

selected from 0�, 30�, 45�, 60� and 90�) under the

coupling action of stress and seepage is numerically

simulated, and the following conclusions are obtained:

(1) for rock-mass with two nonparallel fractures, large

deformation and failure occur at the fracture position

with an inclination of 0� because the fracture strike is
perpendicular to the loading direction; In addition, the

rock-mass first breaks at the fracture position with low

strength, and gradually develops into overall failure,

while the other fracture position is relatively complete.

(2) For the rock-mass with 3 and 4 nonparallel

fractures, similar to the rock-mass with 2 nonparallel

fractures, the fracture failure of the rock-mass mainly

occurs at the fracture position with low strength, the

difference is that the number of fractures is more, and

the rock bridge between fractures is connected, and the

failure range is larger. (3) For the strength of fractured

rock-mass, the fracture strength of rock-mass with

multiple nonparallel fractures decreases gradually

with the increase of fracture density.

Keywords Fluid solid coupling � Nonparallel
fissure � Fracture failure characteristics � Numerical

simulation

1 Introduction

The stress seepage coupling characteristics of frac-

tured rock-mass have a significant impact on the

stability of rock-mass engineering such as water

conservancy, hydropower, energy and mining, and it

is also one of the hot issues of rock mechanics in recent

20 years (Bisdom et al. 2017; Fekete and Diederichs

2013; Esaki et al. 1999; Olsson et al. 2001; Khang

et al. 2004). The initiation, propagation and intercon-

nection of fractures in rock-mass will lead to rock-

mass deterioration and final fracture failure. This

fracture failure behavior is more serious for fractured

rock-mass under the combined action of in-situ stress

and osmotic water pressure. Therefore, studying the

fracture failure characteristics of fractured rock-mass
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under hydraulic coupling has important theoretical

and practical significance for the safety and stability of

rock-mass engineering.

In recent years, many scholars have obtained rich

theoretical results and field experience by means of

theoretical analysis, physical experiments and numer-

ical simulation. Kong et al. (2018) analyzed the lateral

stress effect and seepage mechanism of single jointed

rock-mass, and deduced the theoretical formula of

seepage stress of single jointed rock-mass based on the

permeability stress coupling analysis model of single

jointed rock-mass. Sha and Zhang (2020) proposed a

stress seepage damage coupling model to simulate the

hydraulic splitting process of cylinder specimens with

built-in cracks, the damage area obtained by numerical

simulation is basically consistent with the range

obtained by safety monitoring, which verifies the

rationality of the proposed coupling model. Jia et al.

(2019) used the particle flow program to study the

crack propagation penetration mode and fracture

mechanism of single fractured sandstone from the

meso point of view, focusing on the effects of different

medium principal stresses on the crack propagation

and mechanical properties of single fractured sand-

stone. Rutqvist and Stephansson (2003) developed a

multifunctional true triaxial fluid structure coupling

test system to reveal the mechanical properties of coal

and rock and the seepage law of fluid under the

condition of true triaxial fluid structure coupling, the

system can study the mechanical properties of coal and

fluid seepage law under uniaxial, biaxial and true

triaxial stress States under a variety of complex stress

paths. Zhang et al. (2019) proposed the selection

method of fluid solid coupling parameters of fractured

coal and rock-mass in the numerical model based on

the stress seepage experimental data of elastic coal

samples and through fractured coal samples, com-

bined with the cubic law of seepage, established the

fluid solid coupling numerical model under triaxial

loading, and simulated and analyzed the coupling

characteristics of stress, fracture and seepage of coal

samples during uniaxial and triaxial loading. Yin and

Chen (2013) analyzed the variation trend of stress and

displacement, joint hydraulic opening and transmit-

tance with shear displacement through the pressure

shear seepage test of 6 groups of artificial joint

specimens with constant normal load and constant

normal stiffness, and obtained the influence law of

seepage water pressure on the stress seepage coupling

characteristics of jointed rock.

In previous studies, when analyzing the stress of

fractured rock-mass, the fracture water in rock-mass is

usually replaced by a fixed water pressure value, and

then the fracture failure characteristics of fractured

rock-mass are studied under certain boundary condi-

tions (Man et al. 2015; Sheng et al. 2012; Li et al.

2010; Indraratna et al. 1998; Nuezil and Tracy 2010).

The actual situation is that when the external stress

state of fractured rock-mass changes, the shape of its

internal fractures will change, resulting in additional

water pressure due to the compression of fracture

water, this additional water pressure is often the main

reason for the fracture failure of fractured rock-mass.

In addition, the fracture forms in rock-mass are

different, and the complex fracture forms will also

change the stress state of rock-mass and further affect

the fracture failure characteristics of fractured rock-

mass. Based on the existing research, the calculation

formula of additional water pressure caused by the

change of external stress state is derived, and its

rationality and correctness are verified by numerical

experiments; Then, using the rock fracture process

analysis system RFPA2D-flow (Tsang and Wither-

spoon 1983; Amitrano 2006; Basarir 2006; Carpinteri

et al. 2007) and considering the influence of additional

water pressure, the fracture failure characteristics of

rock-mass with multiple (2, 3 and 4 fractures)

nonparallel fractures (dip angles of 0�, 30�, 45�, 60�
and 90�) under the coupling action of stress seepage

are numerically simulated.

2 Derivation of Calculation Formula of Additional

Water Pressure in Fracture

For the common rock-mass with penetrating closed

fractures in various rock-mass engineering, a plane

model of single fracture rock-mass is established, as

shown in Fig. 1. The included angle between the

vertical principal axis of single fracture and rock-mass

is a, the fractured rock-mass is in a saturated state, and

the initial water pressure in the fracture is q0. After

being disturbed by engineering activities, the vertical

and horizontal stresses are r1 and r3 respectively. It is
assumed that the water pressure in the fracture changes

to qs.
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For this plane strain problem, according to

Eshelby’s equivalent inclusion theory (Wang 2019;

Eshelby 1995; Li et al. 2018), assuming the fracture

water as a linearly compressible homogeneous elas-

tomer, the stress analysis of the fracture surface in the

rock can be obtained:

Dg
g0

¼ �DVcav

Vcav

¼ �DScav
Scav

¼ kwqa ð1Þ

where: Dg is the change of liquid density; g0 is the

initial density of the liquid; DVcav is the change of

fracture volume; Vcav is the fracture volume; DScav is
the change of fracture area; Scav is the fracture area; kw
is the compressibility coefficient of fissure water in

rock; qa is the additional water pressure caused by the

change of external stress state.

In addition, considering the flexibility tensor of dry

fractures (Kachanov and Shafiro 1994; Munjiza et al.

2013), the relative area change DScav=Scav of fractures
can be expressed by the following equation:

S

Scav
tr H : rð Þ þ qa

S

Scav
tr H : Ið Þ � 2 1þ vð Þ 1� 2vð Þ

E

� �

¼ �kwqa

ð2Þ

where: S is the area of the characterization unit; E and

v are the elastic modulus and Poisson’s ratio of linear

elastic matrix respectively; r is the external load

tensor.

The fourth-order flexibility tensor H of fractures in

rock-mass can be expressed as:

H ¼ 2 1� v2ð Þ
E

1

S
p a 2aþ bð Þnnnnþ 2bþ að Þmmmm½

þ 1

2
aþ bð Þ2 mnþ nmð Þ2�ab mmnnþ nnmmð Þ

�

ð3Þ

where: a is the length of the long axis of the elliptical

fracture; b is the length of the minor axis of the

elliptical fracture; m is the direction vector of the long

axis a of the elliptical fracture; n is the direction vector

of the minor axis b of the elliptical fracture.

For elliptical fractures, n ¼ b=a � 1, substitute

Eqs. (3) into (2), and the additional water pressure

caused by the change of external stress state can be

obtained as:

qa ¼ � 1

1þ d
rd ð4Þ

d ¼ n
kwE � 2 1þ vð Þ 1� 2vð Þ

2 1� v2ð Þ ð5Þ

where: n is the shape parameter of elliptical fracture;

rd is the force generated by the external load in the

normal direction of the fracture surface, which can be

expressed as:

rd ¼ � r1 þ r3
2

� r1 � r3
2

cos 2a
� �

:

Substitute rd into Eq. (4) to obtain:

qa ¼
/

1þ d
r1 þ r3

2
� r1 � r3

2
cos 2a

� �
ð6Þ

Under the action of external load, fracture water

will flow into the rock, resulting in the decrease of

additional water pressure. Therefore, a reduction

coefficient / is introduced into Eq. (6) to describe

this phenomenon, and 0\/\1.

To sum up, the total water pressure generated by

fissure water in rock-mass under external load is:

qs ¼ q0 þ qa

¼ q0 þ
/

1þ d
r1 þ r3

2
� r1 � r3

2
cos 2a

� �
ð7Þ

3 Verification of Theoretical Derivation Results

In order to verify the correctness and rationality of the

theoretical derivation results, this section uses the rock

Fig. 1 Plane model of rock-mass with penetrating closed single

fracture
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fracture process analysis systemRFPA2D-flow to carry

out numerical simulation research on the fracture

failure process of prefabricated single fractured rock-

mass with different dip angles (0�, 30�, 45�, 60� and
90�) under the coupling action of stress and seepage

under the consideration of additional water pressure,

the calculated values of additional water pressure are

compared with the numerical simulation results.

RFPA2D-flow software is a stress-seepage-damage

coupling analysis system (Ma et al. 2020; Man et al.

2015), its calculation method is based on finite

element and statistical damage theory, considers the

non-uniformity of material properties and the ran-

domness of defect distribution, and adopts the follow-

ing basic assumptions: (1) the fluid in rock material

medium follows Biot consolidation theory; (2) The

rock medium is an elastic brittle material with residual

strength, and its mechanical behavior during loading

and unloading conforms to the elastic damage theory;

(3) The maximum tensile strength criterion and Mohr

Coulomb criterion are used as the damage threshold to

judge the damage of the element; (4) In the elastic

state, the relationship between stress and seepage

coefficient is described by negative exponential equa-

tion; (5) The mechanical parameters (elastic modulus,

strength and Poisson’s ratio) of the material

mesostructure are assigned according to the Weibull

distribution.

The material mechanical parameters of the numer-

ical model of fractured rock-mass are shown in

Table 1.

The size of numerical model of fractured rock-mass

is u 50 mm 9 100 mm, fracture length 18 mm, width

0.3 mm. In order to consider the influence of addi-

tional water pressure, the water body in the fracture is

simplified as an elastomer, and the initial water

pressure is applied on the fracture surface. The

numerical model of prefabricated single fracture

rock-mass with different dip angles is shown in

Fig. 2. During the simulation calculation, the

confining pressure of 8.0 MPa and the initial water

pressure in the fracture are applied to the model. The

loading method adopts the displacement negative

increment loading in the y-axis direction, and the

single step increment of positioning displacement is

set as 1 9 10-4 m/step, the preset number of loading

steps is 100, and the step-by-step calculation is carried

out automatically.

Table 2 shows the comparison between the theo-

retical calculation value of additional water pressure in

prefabricated single fractured rock with different dip

angles and the numerical simulation results when the

confining pressure is 8.0 MPa and the initial water

pressure is 3.0 MPa, it can be seen that the overall

difference is small, which also proves the correctness

of the calculation formula of additional water pressure

in fractured rock deduced in Sect. 2.When the fracture

dip angle is 45�, the error between the theoretical

calculation results and the numerical simulation

results is large. The reason is that the water body is

different from the elastomer, in order to facilitate the

analysis, the water body is taken as the elastomer for

approximate calculation. It should be noted that the

additional water pressure values in Table 2 are

obtained when the fractured rock-mass reaches its

fracture strength (initial fracture failure occurs along

the rock itself or fracture).

Figure 3 selects four landmark stages in the loading

process, step 1–6, step 35–17, step 36–4 and step 36–6,

showing the fluid solid coupling RFPA numerical

simulation fracture failure process of prefabricated

Table 1 Mechanical parameters of model materials

Density

(g cm-3)

Elastic

modulus

(GPa)

Poisson’s

ratio

Compressive

strength

(MPa)

Tensile

strength

(MPa)

Cohesion

(MPa)

Residual

strength

coefficient

Initial

permeability

coefficient (m/d)

Initial water

pressure

(MPa)

2.207 13.19 0.12 49.2 3.36 13.93 0.1 0.1 0.6

Fig. 2 Numerical model of prefabricated single fracture rock-

mass with different dip angles
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single fracture rock with 45� inclination. Among them,

Fig. 3a shows the macro failure results of four

landmark stages respectively, the black area in the

picture represents the distribution range of plastic area

in the sample, and other colors represent the difference

of principal stress at each position in the sample;

Fig. 3b shows the acoustic emission results of four

landmark stages respectively. The acoustic emission is

represented by a red circle, the dot represents the

position where the acoustic emission occurs, and the

diameter of the circle represents the size of the

acoustic emission energy; Fig. 3c shows the distribu-

tion of plastic zone in rock samples at four landmark

stages and the difference of vertical deformation at

each position.

According to the comprehensive analysis of

Fig. 3a, b, when the simulation calculation reaches

the loading steps 1–6, the model basically maintains

linear elasticity, under the influence of water pressure,

micro fractures appear at both ends of the prefabri-

cated fractures in the model, and acoustic emission

activities also appear slightly in this area; From the

simulation calculation to the 36–4 loading step, the

fracture failure activities in the model are still mainly

concentrated near the prefabricated fractures, the wing

cracks expand rapidly, and the acoustic emission

activities converge and surge; When the simulation

calculation reaches the loading step 36–6, the model

has broken along the internal prefabricated fractures,

and then the failure activities will continue to expand

to other areas inside the model, resulting in the shear or

splitting failure of the whole model.

Figure 3c shows the temporal and spatial evolution

process of displacement vector (Y direction) in the

simulation calculation of prefabricated single fracture

rock-mass with 45� inclination. It can be seen that

from the 1–6 loading step to the 36–4 loading step, the

change of displacement vector is greatly affected by

the fracture failure activity of prefabricated fractures

in the model, which is basically consistent with the

propagation direction of prefabricated fractures; Dur-

ing the simulation calculation to the 36–6 loading step,

the displacement vector has little difference as a whole

because the model has broken along the internal

prefabricated fracture.

Table 2 Comparison between theoretical calculation and numerical simulation results of additional water pressure

Fracture dip angle (�) qa(MPa) Error (%)

Theoretical calculation results Numerical simulation results

0 2.012 2.027 0.745

30 5.983 6.013 0.501

45 10.578 11.013 4.112

60 14.109 13.988 0.857

90 18.368 18.284 0.457

Fig. 3 Fluid solid coupling RFPA numerical simulation of

fracture failure process of prefabricated single fracture rock with

45� inclination
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Figure 4a, b show the final results of fracture failure

and acoustic emission activity evolution of prefabri-

cated single fracture rock-mass with dip angles of 0�,
30�, 60� and 90�. The comprehensive analysis shows

that under the coupling action of stress and seepage,

shear and tension failure finally occur in the rock-mass

with prefabricated fractures with different dip angles.

The acoustic emission activity intensity near the

prefabricated fractures is significantly higher than that

in other locations, but the wing crack propagation

direction is different due to the different dip angles of

the prefabricated fractures; Fig. 4c shows the final

results of displacement vector evolution (Y direction)

of numerical simulation test of precast fractured rock-

mass with dip angles of 0�, 30�, 60� and 90�. It can be
seen that the variation of internal displacement vector

of rock-mass with prefabricated fractures with differ-

ent dip angles is consistent with the fracture propaga-

tion direction, and the deformation of the upper part of

the rock is obviously greater than that of the lower

part.

4 Numerical Simulation Test Scheme of Rock-

Mass with Multiple Nonparallel Fractures

4.1 Numerical Simulation Test Scheme

This section continues to use the rock fracture process

analysis system RFPA2D-flow and consider the influ-

ence of additional water pressure to conduct numerical

simulation research on the fracture failure character-

istics of rock-mass with multiple (2, 3 and 4 fractures)

nonparallel fractures (dip angles are not repeatedly

selected from 0�, 30�, 45�, 60� and 90�) under the

coupling action of stress seepage, the model size is u
50 mm 9 100 mm, row and column grid is divided

into 800 9 400, fracture length 18 mm, width

0.3 mm. For the fracture spacing, the distance between

the top fracture center point and the upper surface of

the rock sample and the bottom fracture center point

and the lower surface of the rock sample is 20 mm. In

addition, if there are 2 nonparallel fractures, the

distance between the center points of the two fractures

is 60 mm; When there are 3 nonparallel fractures, the

distance between the center points of the two fractures

is 30 mm; When there are 4 fractures, the distance

between the center points of the two fractures is

20 mm, as shown in Fig. 5.

The material mechanical parameters of the numer-

ical model of fractured rock-mass are the same as

those in the previous section, the numerical model of

rock-mass with multiple nonparallel fractures is

shown in Fig. 6.

During the simulation calculation, the confining

pressure of 8.0 MPa is applied to the model, and the

water pressure applied in the fracture includes two

parts: initial water pressure and additional water

pressure. The initial water pressure is 3.0 MPa. For

Fig. 4 Final results of fluid structure coupling RFPA numerical

simulation of prefabricated single fracture rock with dip angles

of 0�, 30�, 60� and 90�

Fig. 5 Schematic diagram of fracture spacing of rock mass with

multiple nonparallel fractures
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the additional water pressure, as in Sect. 3 of this

paper, the water body is simplified as an elastomer,

and the value of the additional water pressure is

obtained through numerical simulation test. In addi-

tion, the loading mode adopts the negative displace-

ment increment loading in the y-axis direction, and the

single step increment of positioning displacement is

set as 1 9 10-4 m/step, the preset number of loading

steps is 100, and the step-by-step calculation is carried

out automatically.

4.2 Analysis of Numerical Simulation Test

Results

Figure 7 shows the macro failure results, acoustic

emission activity results and deformation vector

results of rock-mass with two nonparallel fractures.

Fig. 6 Numerical model of rock-mass with multiple nonparallel

fractures

Fig. 7 Numerical simulation test results of fluid solid coupling

RFPA in rock-mass with two nonparallel fractures
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It can be seen that for the rock-mass with two fractures

with dip angles of (0�, 30�), (0�, 45�) and (0�, 60�), the
y-direction deformation of the specimen during load-

ing is large because the (horizontal) trend of the 0� dip
fracture is perpendicular to the test loading direction,

in addition to shear failure along the 30�, 45� and 60�
dip fractures, large deformation and failure also

occurred at the fracture position with an inclination

of 0�; In addition, compared with 30� and 60� dip

fractures, the damage of 45� dip fractures is signifi-

cantly more serious, and the damage of 60� dip

fractures is the weakest, indicating that the strength of

fractures is the lowest when the dip angle is 45�. For
the rock-mass with two fractures with dip angles of

(0�, 90�), (30�, 90�), (45�, 90�) and (60�, 90�), since
the strike of the 90� fracture (vertical) is parallel to the
test loading direction, it has little influence on the

deformation and strength of the fractured rock-mass

during loading, therefore, the fractured rock-mass only

occurs shear failure along the dip angles of 0�, 30�, 45�
and 60�. When the dip angles of two fractures in the

rock are (30�, 45�), (30�, 60�) and (45�, 60�), the rock-
mass first breaks at the fracture position with low

strength, and gradually develops into overall failure,

while the position of the other fracture is relatively

complete.

It should be pointed out that for the same rock-

mass, due to the different inclination angles of each

fracture in the rock-mass, the additional water pressure

generated in each fracture of the rock-mass is also

different with the application of external load. There-

fore, in the numerical simulation calculation of rock-

mass with two nonparallel fractures, taking the stress

condition of the first fracture failure of fractured rock-

mass (along the fracture or rock-mass with the weakest

strength) as the standard, the additional water pressure

value is given to the two fractures in the rock body

respectively, which is the same for rock-mass with

three nonparallel fractures and rock-mass with four

nonparallel fractures, no more details.

Figure 8 shows the macro failure results, acoustic

emission activity results and deformation vector

results of rock-mass with three nonparallel fractures.

It can be seen that the rock-mass with three fractures

with dip angles of (0�, 30�, 45�), (0�, 30�, 60�), (0�,
30�, 90�, (0�, 45�, 60�), (0�, 45�, 90�) and (0�, 60�, 90�)
is the same as the rock-mass with two nonparallel

fractures, the rock-mass first breaks at the horizontal

fractures and fractures with low strength, then it

extends to the periphery, but it is relatively complete at

the middle fracture, the cloud map of displacement

vector results can also be divided into three parts with

the upper and lower fractures as the boundary; For the

rock-mass with three fractures with dip angles of (30�,
45�, 60�), (30�, 45�, 90�), (30�, 60�, 90�) and (45�, 60�,

Fig. 8 Numerical simulation test results of fluid solid coupling

RFPA in rock-mass with three nonparallel fractures
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90�), the deformation and failure of the rock-mass at

the vertical fracture position are relatively weak,

however, due to the increase of fracture density, the

rock bridge between the fractures is broken during

loading, resulting in the rapid decline of rock-mass

strength.

Figure 9 shows the macro failure results, acoustic

emission activity results and deformation vector

results of rock-mass with four nonparallel fractures.

It can be seen that, like the rock-mass with three

nonparallel fractures, the rock-mass with four nonpar-

allel fractures also has fracture failure at the horizontal

fractures and fractures with low strength, but the

failure range has not been significantly expanded.

Figure 10 shows the stress–strain curves of rock-

mass with two fractures (30�, 45�), three fractures

(30�, 45�, 60�) and four fractures (0�, 30�, 45�, 60�)
during the numerical simulation test. It can be seen

that when the peak strength is reached, the y-direction

deformation of rock-mass with two nonparallel frac-

tures, three nonparallel fractures and four nonparallel

fractures is almost the same, because for rock-mass

with multiple nonparallel fractures, the internal failure

area is mainly concentrated at the horizontal fractures

and fractures with low strength during loading, and

finally forms an overall failure, it does not develop to

the fracture position with high strength; As for the

peak strength, the peak strength of rock-mass with two

fractures (30�, 45�) is 31.5 MPa, the peak strength of

rock-mass with three fractures (30�, 45�, 60�) is

29.7 MPa, and the peak strength of rock-mass with

four fractures (0�, 30� 45�, 60�) is 21.3 MPa, indicat-

ing that with the increase of the number of fractures,

the strength of rock-mass with multiple nonparallel

fractures also decreases gradually.

Fig. 9 Numerical simulation test results of fluid solid coupling

RFPA in rock-mass with four non parallel fractures

Fig. 10 Stress–strain curve of rock-mass with multiple

nonparallel fractures
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5 Conclusions

Based on the inclusion theory, the calculation formula

of additional water pressure caused by the change of

external stress state of fracture water in rock-mass is

deduced, and its rationality and correctness are

verified by numerical experiments. Then, using the

rock fracture process analysis system RFPA2D-flow

and considering the influence of additional water

pressure, the fracture failure characteristics of rock-

mass with multiple (2, 3 and 4 fractures) nonparallel

fractures (dip angles are not repeatedly selected from

0�, 30�, 45�, 60� and 90�) under the coupling action of
stress and seepage are numerically simulated, and the

following conclusions are obtained:

1. For rock-mass with two nonparallel fractures,

large deformation and failure occur at the fracture

position with an inclination of 0� because the

fracture strike is perpendicular to the loading

direction; In addition, the rock-mass first breaks at

the fracture position with low strength, and

gradually develops into overall failure, while the

other fracture position is relatively complete.

2. For the rock-mass with 3 and 4 nonparallel

fractures, similar to the rock-mass with 2 nonpar-

allel fractures, the fracture failure of the rock-mass

mainly occurs at the fracture position with low

strength, the difference is that the number of

fractures is more, and the rock bridge between

fractures is connected, and the failure range is also

larger.

3. For the strength of fractured rock-mass, the

fracture strength of rock-mass with multiple

nonparallel fractures decreases gradually with

the increase of fracture density.
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