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Abstract: Rock masses in underground engineering are
usually damaged, which are caused by rock genesis and
environmental stress. Studying the constitutive relation-
ship between rock strength and deformation under loading
is crucial for the design and evaluation of such scenarios. The
new damage constitutive model considering the dynamic
change of joint damage was developed to describe the beha-
vior of rocks under loading in this work. First, considering the
influence of jointed rock mass structural features in their
entirety, the Drucker—Prager criterion and the Hoek—-Brown
criterion were combined. Second, based on the idea of
macro-micro coupling, the calculation formulae of damage
variables were derived. Finally, the damage constitutive
model of the jointed rock mass was established, and the
proposed model was fitted and compared with the test
data. Results show that the variation rules for damage value
and peak strength are opposite, and the stress—strain is
highly sensitive to changes in the parameter s of the model.
Moreover, the proposed model can accurately describe the
effect of joint deterioration on the entire process of rock
mass compression failure, which shows that the damage
constitutive models are useful for evaluating the strength
characteristics of jointed rock mass in engineering practice.
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1 Introduction

Long-term geological evolution has led to the widespread
development of random joint surfaces in rocks. The exis-
tence of various scale defects in jointed rock mass from
micro to macro makes the mechanical behavior and failure
characteristics of rock materials extremely complicated,
which has great influence on the safety and long-term sta-
bility of rock engineering. Frequently, water conservancy,
slopes, and mining engineering are affected by environ-
mental stress — for instance, after the foundation of a
hydropower dam is excavated, the stress relaxation of
the rock mass of the dam foundation, or even the failure
of the dam owing to seepage. Natural and constructed
slopes are subject to landslides and cave-ins due to the
influences of gravity and vibration. The surrounding rock
mass fractures and deforms as a result of the redistribu-
tion of stress caused by the excavation of the mining route.
Since the constitutive relationship of rock masses is the
basis for rational design and assessing the stability of engi-
neering constructions. Consequently, using the damage
constitutive relationship to describe the deformation and
failure characteristics of the jointed rock mass under stress
is one of the hottest research topics. Taking into account
the macroscopic with a mesoscopic damage coupling mechanism,
the staged deformation characteristics of the jointed rock
mass are essential to solve this issue.

The emergence and development of damage mechanics
gives a new research concept for examining the mechanical
properties and failure mechanism of rocks [1]. Kyoya et al
[2] applied damage theory for the first time to the analysis
of initial joint damage of rock mass and established its con-
stitutive relationship. Rocks with different initial damage
states can be considered as materials of different properties;
based on damage continuum and statistical theory, the con-
stitutive model affected by the loading capacity of the
damaged elements is derived [3]. Chen et al. [4,5] created
the concepts of damage rate and damage index and discov-
ered that the Weibull distribution can more accurately
reflect the transition of rock from brittleness to ductility
than power function. Therefore, the micro-unit strength is
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generally assumed to follow the Weibull distribution [6]. In
order to consider joint geometry, strength, and deformation
parameters simultaneously, the macro- and mesoscopic damage
coupling viewpoint is put forward, and the damage consti-
tutive model of intermittently jointed rock mass is devel-
oped [7,8]. In the analysis of the damage evolution law, it
is shown that joint inclination has a major effect on initial
damage [9-11]. Considering the interaction between joints
and surrounding rock, a damage-plasticity cohesive-fric-
tional model is established, which enables the model to cap-
ture the key characteristics of jointed rock mass responses
at different spatial scales [12]. With the advancement of
strength theory, the micro-element strength of rock mass
is primarily described by the strength criterion connected
to the factor of the rock mass strength — the Hoek-Brown
(H-B) criteria, which can consider the various factors of the
rock quality and the rock strength associated with the sur-
rounding rock [13,14]; the Griffith criterion, which can char-
acterize the fracture failure of brittle materials from an
energy perspective [15]; and the Drucker—Prager (D-P) cri-
terion, which can consider the effect of intermediate pri-
mary stress and hydrostatic pressure [16,17]. However, the
D-P criterion normally produces larger damage zone in
numerical simulations as it is a distribution parameter of
mesoscopic element strength, so the Mohr—Coulomb (M-C)
criterion is used as the distribution parameter of damage-
softening statistical constitutive model [18]. Due to the pre-
sence of a fissure compaction mechanism in the initial pro-
cess of rock failure, Wen et al [19] derived a calculation
formula considering the crack closure effect and proposed
a statistical damage model of structural surfaces based on
the M-C criterion to define the micropore strength of rock
structural surfaces [20]. With the deep development of engi-
neering environment, its stress environment is gradually
complicated. Since M-C criterion is only suitable for pre-
dicting the stress characteristic values of rock at low con-
fining pressure level, after the basic concept of critical
confining pressure was introduced, and a nonlinear
strength criterion of rock that can consider the transforma-
tion of brittle-ductile characteristics was proposed [21].
Based on the relationship between the rock deformation
and the deformation of the initial void and the skeleton, a
rock deformation analysis model was established [22] and
the idea of void strain ratio was introduced [23]. The
internal cracks of a rock grow constantly under load, and
its strength also fluctuates continuously [24]; in this context,
the constitutive model of fissured rock mass was con-
structed based on the deformation characteristics of com-
pressive micro-cracks under compression [25]. Considering
that crack closure and development are accompanied by
energy dissipation, Liu et al. [26] and Ma et al. [27] proposed
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the damage variable based on energy dissipation, respec-
tively. The lateral strain of rock exhibits nonlinear proper-
ties throughout the damage and failure processes. Under the
circumstance that rock exhibits dilatancy in the compres-
sion process, a damage evolution equation considering dila-
tancy characteristics and post-peak shape was derived [28].
The residual strength after the peak of stress-strain curve
plays an important role in the stability of geotechnical
system. With the increase of the confining pressure, the
residual strength gradually becomes the main factor
affecting the posterior section of the rock full stress—strain
curve [29]. A theoretical approach to simulate the brittle
rock stress—strain curve was proposed by considering the
residual strength response of rock materials [30].

Strength criteria are frequently used to determine the
micro-element strength of rock masses in previous studies,
while the definition of macroscopic damage variables is
mostly based on changes in elastic modulus. Some existing
constitutive models simulate the stress and deformation of
rock mass in stages for a better estimate, but their com-
plexity and number of parameters limit their practicality.
Although these studies have made significant advances in
the theory of joint fracture damage, they have not consid-
ered the effect of joint deterioration on the rock mass
failure process under pressure. Moreover, the presence
of joint surfaces in actual rock mass engineering will cause
varying degrees of deterioration of the rock mass under
random stress and will become the primary inducing
factor of rock mass failure under certain conditions. To
address shortcomings in existing research and charac-
terize jointed damage accurately during loading, the H-B
criterion and the D-P criterion are combined to account for
the structural features of the rock mass. On the micro-level,
the rock mass strength obtained by Griffith criterion is
used to establish the micro-damage variable through the
idea of element subdivision. Then, a damage constitutive
model of jointed rock mass under the coupling action of
structural features and load effect is proposed, and the
rationality of the model is verified.

2 Damage constitutive model of
jointed rock mass considering
load and structural features

The natural rock mass contains various scale defects from
macro to micro. Various damage defects of different scales
will have different effects on the physical and mechanical
properties of rock mass. Due to the large number and
incomplete penetration of rock mass structural plane, it
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cannot be considered individually. For engineering rock
mass, the distributed joint cracks are regarded as macro-
scopic defects. If the initial damage state of intact rock is
taken as the benchmark damage state, the macroscopic
defects can be regarded as macroscopic damage.

2.1 Macroscopic damage variable

The accumulation of micro-cracks and pores in rock mass
under loading will affect the mechanical properties of rock
and eventually lead to its failure. Failure criteria of rock
mass elements can be stated as a function of their effective
stress and material parameters [31]:

f(@*) = ko =0, M

where kj is the material parameter and o* is the effective
stress.

The presence of a joint surface modifies the macro-
scopic structural features of a rock mass structure and
causes varying degrees of damage to the rock mass under
different stress levels. According to the failure criterion
adopted in the theory of damage and the introduction of
a micro-mechanical expression to characterize the dete-
rioration process of the action effect of rock mass structure
[32], the following equation can be obtained as:

f(9)

2
(1-Dy)’ @

f(@*) =
where D; is the macroscopic damage and o is the nominal
stress.

Due to the fact that the D-P criterion may simulta-
neously reflect the influence of volume stress, shear stress,
and intermediate principal stress on rock strength, it can
more precisely describe the actual condition. Consequently,
f(o) can be represented in accordance with the D-P cri-
terion as follows:

f(0) = ah + [, 3)

where qq is the material constant, ¢ is the internal friction
angle, [ is the first invariant of the stress tensor, as shown
in Eq. (4), and J, is the second invariant of the stress devia-
toric, as shown in Eq. (5):

L=01+0;+035=0+ 0y + 0y 4
L, = [(01 = 02)* + (02 = 03)% + (01 = 03)?]/6. 5

Moreover, the H-B criterion considers the surround-
ing rock strength, and it is more applicable to rock
materials. The H-B criterion of effective stress-invariant
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modification is therefore introduced, as shown in the fol-
lowing equation:

macly* . .
flo*) = ——+4; cos? 6 + mae,[J; (cos by

+ sinf,/3) = als,

(6

where the H-B criterion parameter m reflects the hardness
of the rock and its value ranges from 1 x 1077 to 25, take a
small value when it is badly disturbed and a large value
when it is entirely hard; parameter s reflects the degree of
rock fragmentation and its value range is 0-1, the value of
broken rock mass is small and the value of intact rock mass
is large; g, is the uniaxial compressive strength of the intact
rock; 6, is the Lode angle; 6, = 30°% I is the first stress
invariant that is effective, such as Eq. (7); and ]2* is the
second effective deviatoric stress invariant, such as Eq. (8):

I = Eg(0y + 03 + 03)/[01 — V(0 + 03)], )]

— 2 2 2
I = E*%(0f + 05 + 05 — 010 — 0,03 — 0103)
/{3[01 = v(az + 03) |},

where E is the elastic modulus, & is the axial strain, and v is
the Poisson ratio.

The definition of damage variable based on elastic mod-
ulus variation can adequately explain the initial damage of
jointed rock mass [33], but the degradation of jointed rock
mass during the compression failure process is not taken
into account. In consideration of the applicability of the H-B
criterion and the D-P criterion in anisotropic rock mass
materials, this work combines them to account for the
macroscopic damage of rock mass induced by joints during
the loading failure process. Substituting Eqgs. (3) and (6) into
Eq. (2) yields the following expression for the macroscopic
damage produced by joints to a rock mass:

()]

Dy =1~ (ach + \[J,)/[madi[3 + 4] cos? 0,

9
+ mag,[J; (cos6, + sin6,/3)].

2.2 Microscopic damage variable

All kinds of micro-defects are randomly distributed inside
the rock, so the internal defects can be regarded as random
damage and studied from the idea of statistical damage
mechanics. It quantifies the degree of damage inside the
rock by the strength of the micro-element and according
to the characteristics of random distribution of damage
inside the rock. It is assumed that the internal defects of
rocks obey certain distribution, and then, the corresponding
statistical damage constitutive model of rocks is established
[14-16]. The modified Griffith criterion is used in building
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rock mass element strength. Cracks in the rock will close
during compression [34]; stress is transmitted to crack sur-
faces and causes friction between them. Brace [35] believed
that the compressive stress necessary for the crack to close
was negligible. The resulting equation for the simplified
modified Griffith criterion is obtained:

au(f2 + DY = ) = oy((f2 + DY - f) = da,

where a; is the ultimate tensile strength of materials and f
is the coefficient of internal friction.

Assuming that the micro-element strength and other
relationships of rock under load correspond to the Weibull
distribution function, the micro-element probability den-
sity function can be obtained [36,37]:

Y(F) = {n(F/Fo)" " exp [~(F/Fo)"I}/F,

(10)

an

where n and F are the shape parameter and the size para-
meter of the Weibull distribution function, respectively.

Failure of jointed rock mass is the macroscopic mani-
festation of the partial failure of its internal micro-ele-
ments; the relationship between the damage variable D,
under load and the failure probability of the micro-ele-
ment is described by the following equation:

dD,

T = V. (12)

According to Egs. (11) and (12), the damage variable D,
of rock mass under load can be obtained as:

F
D, = [Y(F)AF = 1 - exp [-(F/F)"]. (13)
0

By substituting Eq. (10) into Eq. (13) to replace the
strength of rock micro-element approximatively, the damage
variable of rock micro-element can be obtained as:

Dy =1 - exp{-[(((f* + D** = f) = o5((f2 + D** - /IAEF)I"}. (14)

2.3 Establishment of the damage
constitutive model

According to the theory of damage mechanics, the defini-
tion of damage variables is the premise and basis of
damage model establishment, and the coupling of damage
defects at different scales is concentrated as the coupling of
damage variables [8]. The total damage of jointed rock
mass under load can be equivalent to the coupling of struc-
tural features and load effect. One is based on the defini-
tion of the structural features of the loaded rock mass,
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which characterizes as macroscopic damage the changes
in the structural features of the rock mass induced by
cracks and joints during the loading process. The other is
loading damage, which is the micro-damage induced by the
micro-element strength reduction during the loading pro-
cess. According to Lemaitre’s strain equivalence hypoth-
esis, the damage constitutive relationship of jointed rock
mass can be obtained as:

0 = Ey(1 - D)e + v(a, + 03). 15)

Liu et al [38] believed that the following equation
represents the total damage variable of jointed rock mass
under load:

D= Dl + DZ - DlDz. (16)

By substituting Eq. (16) into Eq. (15), the constitutive
relationship of the jointed rock mass expressed by the joint
damage variable and the load damage variable can be
obtained as:

0 = Ey(1 - D1)(1 - Dy)e + v(ay + G3). an

The damage variable is a measure of the damage
degree of the rock mass under force, and the damage
degree is related to the defects within the rock mass, which
have a direct impact on the mechanical characteristics of
engineering rock mass. By substituting Eqs. (9) and (14) into
Eq. (16), the total damage evolution equation of jointed
rock mass under loading can be obtained as:

D=1-[f(0)lf(a%)]exp 18)
A2 + D% = ) = os((f + D°° =PI

As mentioned earlier, the fractured rock mass has both
macro- and mesoscopic defects. The mesoscopic defects of
the rock mass deteriorate under the action of load, and the
micropores (cracks) inside the rock mass may expand,
resulting in mesoscopic damage and new cracks. The com-
bination of these cracks may lead to the formation of
macroscopic cracks. The existence of macroscopic defects
such as cracks will also weaken the strength and stiffness
of rock mass [39]. By substituting Eq. (18) into Eq. (15), the
final damage constitutive model of jointed rock mass can
be obtained as:

0 = Eee[ f(0)If (*)]exp

{12+ D% = f) = as((f2 + D = IR} (19)
+ v(0y + 03).

When the rock mass is subjected to triaxial stress, the

three principal stresses g; # g, # g3 # 0, and the constitu-
tive model was established as follows:



DE GRUYTER

(10[1+\/]72

I sin 6
ma. + 4J,°cos* 0, + ma,|J; [cos@a + = "]

Qo
a((f? +1)°‘5—f)—as((f2+1)°'5—f)]] 0

g=Eyg¢

X ex
p i

+ v(0y + 03).

When oy # 0 and g, = g3 = 0, the rock mass is under
uniaxial stress, and the constitutive model can be obtained as:

0 = Egel(ao + 1/+/3)ay
I(acs)] exp{-[(a1((f* + D* - )I(AF)]"}.

3 Verification and analysis of the
model

3.1 Experiment

The experiment used yellow sandstone from Hunan, China.
According to the method recommended by the interna-
tional society of rock mechanics, the cylinder rock samples
with the diameter of 50 mm and the height of 100 mm were
generated [40]. In order to limit the impact of rock disper-
sion, rock samples with equal wave velocities and good
homogeneity were chosen using ultrasonic testing. The
common dip angle joints with a length of 20 mm were
sawed with an emery wire, and the specimens were sorted
into six groups based on the total rock mass and the dip
angle a of the joints, as shown in Figure 1.

The RMT-150B rock mechanics testing system was
applied, which was designed by the Chinese Academy of
Sciences’ Institute of Rock and Soil Mechanics, and the jointed
rock mass specimens were subjected to uniaxial compression
failure testing, as shown in Figure 2. The main parameters of
the testing machine are as follows: the vertical cylinder piston
stroke is 0-50 mm, the force sensor has a range of 1,000 kN

50mm

-

100mm

Figure 1: Specimen parameters (a = 0°, 30°, 45°, 60°, 90°).
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with an accuracy of 5%o, the axial and lateral displacement
sensors have respective ranges of 5 and 2.5 mm, with an accu-
racy of 1.5%o. Before the uniaxial compression experiment,
butter was applied to the end face of the sample to reduce
the influence of friction on the contact surface between the
apparatus and the sample. During the test, the loading rate
was applied at 0.5 MPa-s . The mechanical properties of the
rock mass with different inclinations are shown in Table 1.

3.2 Damage characteristic analysis
3.2.1 Model validation

The damage constitutive model of jointed rock mass under
uniaxial stress (Eq. (21)) was validated by the uniaxial
compression test. Herein, the internal friction angle ¢
was 30° ap = sing/\/9 + 3sinp =1/+/30,f = tang = 1//3,
the peak strength of intact rock mass according to experi-
mental data o, = 70.77 MPa, E,=9.52 GPa, and Eq. (21)
can be reduced to the following equation:

0 = [0.76EEpe2/(70.77%)] exp[~(0.144Eee[Fo)"],  (22)

where Eg is the elastic modulus of the rock mass after joint
degeneration, and its value is presented in Table 1.

Curve fitting is a typical method for determining the
parameters of a constitutive model, which can make full
use of experimental data to achieve the smallest possible total
discrepancy between theoretical and experimental results
[41]. Based on mechanical parameters of a rock mass with
various inclination joints, Eq. (22) is used to perform non-
linear least-squares fitting, as shown in Figure 3, and the
values of the model parameters are shown in Table 2.

As can be seen from Figure 3, the stress—strain curves
can be separated into five stages. During the early loading
phase, the joint surface and initial micro-cracks gradually
close, the friction between the closed surfaces restricts the
development and beginning of micro-cracks, and the strain
develops rapidly, which is the compaction stage (I). In the
concave portion of the curve, it enters the nonlinear elastic
stage (I1). The slope of the curve increases gradually and
tends to be linear, and the rock mass enters the linear elastic
stage (I11) from the nonlinear elastic stage as its deformation
velocity slows and its stress—strain increases in equal steps.
When stress redistribution gradually builds an effective load-
bearing structure, the specimen structure continues to absorb
external energy and store energy for later damage and
failure, as seen by an upward concave curve, and the rock
mass enters the yield stage (IV). After reaching the ultimate
bearing capacity, the bearing structure of rock mass is con-
tinuously softened and enters the brittle failure stage (V).
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(a)

Table 1: Mechanical properties of jointed rock mass with different
inclinations

Joint Elastic Peak Peak
inclination (°) modulus (GPa) stress strain (1073)
(MPa)
Intact rock mass 9.52 70.77 .21
B =0° 7.48 53.18 8.49
B =30° 7.49 46.17 9.18
B = 45° 7.67 44.19 8.23
B = 60° 7.20 37.80 8.98
B =90° 7.78 59.38 9.89

All correlation coefficients between stress—strain curves
and fitting curves of jointed rock mass with varying inclina-
tions are higher than 0.98. The result proves the constitutive
model developed in this study can describe the compression,
elastic, yield, and brittle failure stages of the stress—strain
curve of a jointed rock mass during loading and indicates
that the mechanical behavior, strength, and deformation
law of rock mass under varying jointed inclinations could
accurately predict.

3.2.2 Law of damage evolution

The jointed structural surface substantially impacts the
deformation properties and failure law of rock mass. In
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(c)

Figure 2: Uniaxial compression testing: (a) RMT-150B, (b) before compression, and (c) after compression.

order to further verify the rationality of the established
model, the damage at the peak value is calculated by Eq.
(18) according to the parameter values in Table 2, and its
damage evolution characteristics are analyzed and verified
through normalization. The peak strength and damage changes
induced by jointed inclination are shown in Figure 4.

As can be seen in Figure 4, under the coupling effect of
structural features and load effect, the experimental peak
value of jointed rock mass is the least at 60° and reaches
the maximum at 90°, showing a “U”-shaped distribution
rule in general. When the joint inclination angle increases
from 0° to 30°, the absolute deviation marginally increases
from 1.05 to 1.78 MPa, and the maximum deviation rate is
3.86%. The variation can be decreased through parameter
adjustment, and it is vital to assess the parameter sensi-
tivity in order to improve the precision of theoretical
results. As the angle of inclination increases, the absolute
deviation decreases to less than 1.0 MPa, the peak stress
calculated theoretically corresponds to the experimental
peak stress level, and the degree of coincidence is high.

The damage value at the peak of a mass of jointed rock
with varying inclination is plainly distinct, and the varia-
tion rules for the damage value and peak strength value
are diametrically opposed. The damage value is lowest
when the joint inclination angle is 0° and increases to
0.88 from 0.61 as the joint inclination increases to 30°.
While the joint inclination increases to 45°, the damage
value increases to 0.79, which indicates that the compres-
sive resistance of the rock mass structure has been
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Table 2: Model parameters s, fy, and n —a— $=0.0133
100 4 —@— s=0.0153
—A— 5=0.0173

Joint inclination (°) s n F —o— 5=0.0193

Intact rock mass 0.0193 11.480 16.965 809 (105750
B=0° 0.0125 24.499 2554 4 (1056130
B =30° 0.0129 5.487 14.432 § 604

B =45° 0.0130 9.580 12.850 Fi

B =60° 0.0193 35.391 12.985 4

B = 90° 0.0165 36.896 14,194 40

204

—m— Experimental Peak Strength
60 4 —0— Theoretical Peak Strength A 036 |,

—/A— Critical Damage ‘ 0 io é élt é é 1|0 1I2 1|4- - 1‘6
554 k0.9 Strain/107
0.8

§ 50 4 £ &
% g —&—F;=13.965
H A 8 1009 o F=14.965
45 \k 0.7 —A—F,~15.965
: 054 / g0 —* Fo16.965
40 4 N ,/ 0.6
' 10.5,67.30
0.89 ‘f ___________(____’)’#.’\
35— , ] : —L 05 S A
0° 30° 45° 60° 90° q%)
Joint Angle/° %

Figure 4: Relationship of peak stress and critical damage with jointed
inclination.

enhanced. However, when the joint inclination is 60°, the

damage value is maximum, and the peak strength of the 0 2 4 6 8 01z 1416
jointed rock mass is lowest. The rock mass experiences Strain/10°

shear slip failure along the joint surface and has a low ()

failure resistance, which indicates that the shear force

on the joint surface is more than the sum of friction force 10045~ :2}35

and cohesion force. In theory, this is consistent with the —A— 13148 — — — — — — — . SIS

rock mass failure angle (8 = /4 + ®/2, wherein @y is go TN T T T T T T 07938

the friction angle in the structural surface) calculated by
the single structural plane theory. It demonstrates that the
damage constitutive model built for the jointed rock mass
and the damage evolution equation based on the coupling of
structural features and load effect are reasonable. When the
joint inclination is 90°, the specimen does not shear slide
along the joint surface, the damage value is reduced, and the 20
peak strength is increased significantly.

60

Stress/MPa

40

04

Strain/107

(©)

4 Discussion

Figure 5: Stress-strain curve under different values of the parameters s,
The parameters s, F, and n of the damage constitutive Fo- and n. (a) s(Fo = 16.965, n = 11.48), (b) Fy(s = 0.0193, n = 11.48), and
model impact the geometric scale and shape of the fitting (©@n(s = 0.0193,  Fo = 16.965).
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curve, which are of major significance in the applicability
of the model. Therefore, a sensitivity analysis is under-
taken based on the shape of the stress—strain relationship
obtained using the control variable approach. Taking into
account the representativeness of the values, the complete
rock specimen group is used as the criterion for analysis,
and the parameters are chosen by gradient based on the
results (Table 2) of the fitting. In Eq. (22), let o, = 70.77 MPa,
Ey = 9.52 GPa, and the stress—strain curves based on dif-
ferent parameter values, as shown in Figure 5.

The macro-damage parameter s of the model governs
the overall shape of the stress-strain curve and exerts
varied degrees of influence on the shape of the stress—
strain curve at each stage, as shown in Figure 5(a). The
parameter s increases with the gradient from 0.0133 to
0.0193, while peak stress declines by 13.07, 11.55, and
10.37%, respectively. The magnitude of the peak stress var-
iation decreases, although the peak strain remains con-
stant, and the rate of reduction during the post-peak phase
is slowed. The microscopic damage parameter F, deter-
mines the peak stress and strain of a jointed rock mass,
as shown in Figure 5(b). The parameter F, increases with
the gradient from 13.965 to 16.965, the compressive strength
increases, and the variation range of peak stress is 15.4,
14.1, and 12.79%, respectively. However, the variation range
of peak strain is 11.76, 5.50, and 5%, respectively. The
increase in Fy has little effect on the variation amplitude
of peak stress, but has a great effect on the variation ampli-
tude of peak strain. It is shown that the curves in the pre-
peak phase overlap and the slope remains unchanged, and
the curves in the post-peak phase are basically parallel and
move to the right. The compressive strength of the stress—
strain curve increases as the micro-damage parameter n
increases, as can be seen in Figure 5(c). The parameter n
increases with the gradient from 11.48 to 41.48, and the
peak stress changes are 17.95, 6.89, and 5.52%, respectively.
However, peak strain changes are 12.29, 4.55, and 0%,
respectively. As the influence of an increase in parameter
n on the peak point is substantially reduced and tends to be
stable, the post-peak stage curve shows a tendency toward
a faster rate of drop.

Based on the change features of the stress—strain curve
for various parameter values, it is evident that the stress—
strain curve is highly sensitive to parameter s. Both stress—
strain curves in Figure 5(b) and (c) exhibit evident bifurca-
tion points. Simplify Eq. (22) into a negative exponential
function whose value is close to 1 when ¢ is close to 0.
Currently, the stress—strain curve is only related to the coef-
ficient of the function, resulting in a coincident segment. A
bifurcation point emerges as the value of the function
without the coefficient component deviates from 1 as strain

Damage constitutive model of jointed rock mass == 9

increases. Therefore, in the gradient change of parameter
F,, the curves are clearly separated only when the strain is
0.007, and the strain at the bifurcation point in Figure 5(c) is
0.009. The parameter s in Figure 5(a) is related to the coeffi-
cient of the function. Hence, it determines the overall shape
of the stress—strain curve.

5 Conclusions

As basic elements in mines, the study of the relationship
between strength and deformation under load is all impor-
tant for the rock mass. In this study, the damage constitu-
tive model of jointed rock mass under the influence of
structural features and load effect is developed, and the
main conclusions are as follows.

1) The results calculated by the model correspond well
with the stress—strain experimental results obtained by uni-
axial compression for jointed rock masses with differing
inclinations, which accurately described the stress—
strain relationship of jointed rock masses with varying incli-
nations, thereby validating the rationality of the model.

2) The rock mass has the lowest resistance to failure and
the highest damage value when the joint inclination is
60°. In this condition, the shear force on the joint surface
exceeds the sum of friction and cohesion, resulting in
shear slip failure along the joint surface. Therefore, this
form of jointed and fractured rock mass requires special
consideration in engineering.

3) The theoretical curve of the model is highly sensitive to
the macroscopic damage parameter s, and the micro-
scopic damage parameter n controls the peak stress and
peak strain of the jointed rock mass, as well as the drop
velocity during the brittle failure stage. In addition,
increasing the model parameter Fy has no effect on
the variation range of the peak point, and the post-
peak curves are essentially parallel and have no effect
on the shape of the theoretical curve.

Acknowledgments: The authors would like to thank the
National Natural Science Foundation for Young Scientists
of China (Grant No. 51204098) and the Natural Science
Foundation of Hunan (2021]JJ30575). The authors also
express their sincere gratitude to the editor and reviewers
for their valuable comments, which have greatly improved
this article.

Funding information: This work was supported by the
National Natural Science Foundation for Young Scientists



10 — Bing Sunetal.

of China (Grant No. 51204098) and the Natural Science
Foundation of Hunan (2021]J30575). The authors are very
grateful for the financial contributions and convey their
appreciation to the organizations for supporting this basic
research.

Author contributions: Bing Sun and Sheng Zeng: concep-
tualization, methodology; Peng Yang and Yu Luo: experi-
ment, analysis, writing; Bo Deng checked the manuscript.
All authors have accepted responsibility for the entire con-
tent of this manuscript and approved its submission.

Conflict of interest: The authors state no conflict of interest.

Data availability statement: The datasets generated and/
or analyzed during the current study are available from
the corresponding author on a reasonable request.

References

[11 Qin, Y. Discussion on damage mechanics model and constitutive
equation of rock. Chinese Journal of Rock Mechanics and Engineering,
Vol. 20, No. 4, 2001, pp. 560-562.

[2] Kyoya,T.,Y.Ichikawa, and T. Kawamoto. Damage mechanics theory
for discontinuous rock mass. In: Proceedings of International Conference
on Numerical Methods in Geomechanics, Nagoya, 1985, pp. 469-480.

[31 L, T.C,L X Lyuy, S. L. Zhang, and J. C. Sun. Development and
application of a statistical constitutive model of damaged rock
affected by the load-bearing capacity of damaged elements. journal
of Zhejiang University-SCIENCE A, Vol. 16, 2015, pp. 644-655.

[4] Chen, Y., L. Zhang, H. Xie, J. F. Liu, H. Liu, and B. Q. Yang. Damage
ratio based on statistical damage constitutive model for rock.
Mathematical Problems in Engineering, Vol. 2019, 2019, id. 3065414.

[51 Chen,S., C. Qiao, Q. Ye, and M. U. Khan. Comparative study on
three-dimensional statistical damage constitutive modified model
of rock based on power function and Weibull distribution.
Environmental Earth Sciences, Vol. 77, No. 3, 2018, pp. 1-8.

[6] Shen,P.W., H.M.Tang,Y.B.Ning, and D. Xia. A damage mechanics
based on the constitutive model for strain-softening rocks.
Engineering Fracture Mechanics, Vol. 216, 2019, id. 106521.

[71 Liu, Y. and F. Dai. A damage constitutive model for intermittent
jointed rocks under cyclic uniaxial compression. International
Journal of Rock Mechanics and Mining Sciences, Vol. 103, 2018,
pp. 289-301.

[8] Liu, H. Y. and F. ). Zhu. A damage constitutive model for the
intermittent cracked rock mass under the planar complicated
stress condition. Current Science, Vol. 115, No. 3, 2018, pp. 559-565.

[91 Wang, J., W. Song, and J. Fu. A damage constitutive model and

strength criterion of rock mass considering the dip angle of joints.

Chinese Journal of Rock Mechanics and Engineering, Vol. 37, No. 10,

2018, pp. 2253-2263.

Yang, W. D., G. Z. Li, P. G. Ranjith, and L. D. Fang. An experimental

study of mechanical behavior of brittle rock-like specimens with

(0]

(1]

2]

[3]

(4]

(3]

[16]

07

[18]

9]

[20]

[21]

[22]

[23]

[24]

[23]

[26]

DE GRUYTER

multi-non-persistent joints under uniaxial compression and
damage analysis. International Journal of Damage Mechanics, Vol. 28,
No. 10, 2019, pp. 1490-1522.

Xu, J., D. Fei, Y. Yu, Y. Cui, C. Yan, H. Bao, et al. Research on crack
evolution law and macroscopic failure mode of joint Phyllite under
uniaxial compression. Scientific Reports, Vol. 11, No. 1, 2021, pp. 1-18.
Le, L. A,, G. D. Nguyen, H. H. Bui, A. H. Sheikh, A. Kotousov, and A.
Khanna. Modelling jointed rock mass as a continuum with an
embedded cohesive-frictional model. Engineering Geology, Vol. 228,
2017, pp. 107-120.

Gao, W., C. Hu, T. He, X. Chen, C. Zhou, and S. Cui. Study on con-
stitutive model of fractured rock mass based on statistical strength
theory. Rock and Soil Mechanics, Vol. 41, No. 7, 2020, pp. 2179-2188.
Chen, Y., H. Lin, Y. Wang, S. Xie, Y. Zhao, and W. Yong. Statistical
damage constitutive model based on the Hoek-Brown criterion.
Archives of Civil and Mechanical Engineering, Vol. 21, No. 3, 2021,
pp. 1-9.

Chen, S., X. Cao, and Z. Yang. Three dimensional statistical damage
constitutive model of rock based on Griffith strength criterion.
Geotechnical and Geological Engineering, Vol. 39, No. 8, 2021,

pp. 5549-5557.

Li, Y., H. Zhang, M. Chen, X. Meng, Y. Shen, H. Liu, et al. Strength
criterion of rock mass considering the damage and effect of joint
dip angle. Scientific Reports, Vol. 12, No. 1, 2022, pp. 1-14.

Li, F., S. You, H. Ji, and H. Wang. Study of damage constitutive
model of brittle rocks considering stress dropping characteristics.
Advances in Civil Engineering, Vol. 2020, 2020, id. 8875029.

Wang, Z. L., Y. C. Li, and ). G. Wang. A damage-softening statistical
constitutive model considering rock residual strength. Computers &
Geosciences, Vol. 33, No. 1, 2007, pp. 1-9.

Wen, T., Y. Liu, C. Yang, and X. Yi. A rock damage constitutive model
and damage energy dissipation rate analysis for characterising the
crack closure effect. Geomechanics and Geoengineering, Vol. 13,
No. 1, 2018, pp. 54-63.

Hu, B., Z. Zhang, J. Li, H. Xiao, and Z. Wang. Statistical damage
model of rock structural plane considering void compaction and
failure modes. Symmetry, Vol. 14, No. 3, 2022, pp. 434-447.
Zhang, C.,J. Yu, Y. Bai, W. G. Cao, S. Zhang, and Z. G. Guo. Statistical
damage constitutive model of rock brittle-ductile transition based
on strength theory. Chinese journal of Rock Mechanics and
Engineering, Vol. 42, No. 02, 2023, pp. 307-316.

Cao, W. G,, X. Tan, C. Zhang, and H. Min. A constitutive model to
simulate full deformation and failure process for rocks considering
initial compression and residual strength behaviors. Canadian
Geotechnical Journal, Vol. 56, No. 5, 2019, pp. 649-661.

Li, X., H. Chen, and J. Zhang. Statistical damage model for whole
deformation and failure process of rock considering initial void
closure. Journal of Southwest Jiaotong University, Vol. 57, No. 2, 2022,
pp. 314-321.

Peng, Z., Y. Zeng, X. Chen, and S. Cheng. A macro-micro damage
model for rock under compression loading. Applied Sciences, Vol. 11,
No. 24, 2021, pp. 12154-12172.

Liu, H., L. Li, S. Zhao, and S. Hu. Complete stress-strain constitutive
model considering crack model of brittle rock. Environmental Earth
Sciences, Vol. 78, No. 21, 2019, pp. 1-18.

Liu, X. S, J. G. Ning, Y. L. Tan, and Q. H. Gu. Damage constitutive
model based on energy dissipation for intact rock subjected to
cyclic loading. International Journal of Rock Mechanics and Mining
Sciences, Vol. 85, 2016, pp. 27-32.



DE GRUYTER

[27]

[28]

[29]

[30]

B31

[32]

[33]

Ma, Q., Y. L. Tan, X. S. Liu, Q. H. Gu, and X. B. Li. Effect of coal
thicknesses on energy evolution characteristics of roof rock-coal-
floor rock sandwich composite structure and its damage constitu-
tive model. Composites Part B Engineering, Vol. 198, 2020, id. 108086.
Liang, M., S. Miao, M. Cai, Z. Huang, and P. Yang. A damage con-
stitutive model of rock with consideration of dilatation and post-
peak shape of the stress-strain curve. Chinese Journal of Rock
Mechanics and Engineering, Vol. 40, No. 12, 2021, pp. 2392-2401.
Cao, R. L., S. H. He, ). Wei, and F. Wang. Study of modified statistical
damage softening constitutive model for rock considering residual
strength. Rock and Soil Mechanics, Vol. 34, No. 6, 2013,

pp. 1652-1660+1667.

Zhao, H., C. ). Shi, M. H. Zhao, and X. B. Li. Statistical damage
constitutive model for rocks considering residual strength.
International Journal of Geomechanics, Vol. 17, No. 17, 2017,

id. 04016033.

Deng, J. and D. Gu. On a statistical damage constitutive model for
rock materials. Computers & Geosciences, Vol. 2011, No. 37, 2011,
pp. 122-128.

Zhou, C., M. Karakus, C. Xu, and J. Shen. A new damage model
accounting the effect of joint orientation for the jointed rock mass.
Arabian Journal of Geosciences, Vol. 13, No. 7, 2020, pp. 1-13.

Liu, D. Q., M. C. He, and M. Cai. A damage model for modeling the
complete stress-strain relations of brittle rocks under uniaxial
compression. International Journal of Damage Mechanics, Vol. 27,
No. 7, 2018, pp. 1000-1019.

341

[33]

[36]

[37]

[38]

ER)

[40]

[41]

Damage constitutive model of jointed rock mass = 11

Peng, J., G. Rong, M. Cai, and C. B. Zhou. A model for characterizing
crack closure effect of rocks. Engineering Geology, Vol. 189, 2015,
pp. 48-57.

Brace, W. F. An extension of the Griffith theory of fracture to rocks.
Journal of Geophysical Research, Vol. 65, 1960, pp. 3477-3480.

Lin, H., J. Feng, R. Cao, and S. Xie. Comparative analysis of rock
damage models based on different distribution functions.
Geotechnical and Geological Engineering, Vol. 40, No. 1, 2022,

pp. 301-310.

Li, X., W. G. Cao, and Y. H. Su. A statistical damage constitutive
model for softening behavior of rocks. Engineering Geology,

Vol. 143, 2012, pp. 1-17.

Liu, H., S. Lv, Z. DanZeng, and J. Zhang. Study on 3-D constitutive
model for jointed rock mass by coupling macroscopic and micro-
scopic damage. Journal of Water Resources Architecture Engineering,
Vol. 11, No. 3, 2013, pp. 85-88.

Li, X., C. Qi, Z. Shao, and C. Ma. Evaluation of strength and failure of
brittle rock containing initial cracks under lithospheric conditions.
Acta Geophysica, Vol. 66, No. 2, 2018, pp. 141-152.

Fairhurst, C. E. and . A. Hudson. Draft ISRM suggested method for
the complete stress-strain curve for intact rock in uniaxial com-
pression. International Journal of Rock Mechanics and Mining
Sciences, Vol. 36, No. 3, 1999, pp. 279-289.

Zhang, Z., X. Zhu, and X. Liu. Study on creep characteristics and
constitutive model of peridotite. Chinese Journal of Rock Mechanics
and Engineering, Vol. 41, No. 8, 2022, pp. 1525-1535.



	1 Introduction
	2 Damage constitutive model of jointed rock mass considering load and structural features
	2.1 Macroscopic damage variable
	2.2 Microscopic damage variable
	2.3 Establishment of the damage constitutive model

	3 Verification and analysis of the model
	3.1 Experiment
	3.2 Damage characteristic analysis
	3.2.1 Model validation
	3.2.2 Law of damage evolution


	4 Discussion
	5 Conclusions
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


