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Abstract

As for the slope with fault fracture zone, the fault fracture zone is the main sliding surface, whose shear strength parameter is the
main calculation parameter of landslide occurrence. In this paper, shaking table model tests and damage theory were used to study
the change of shear strength and mechanical cumulative damage model of fault fracture zone under the blasting vibration cyclic
load. At first, the slope of Daye Iron Mine is selected as a case to study the shear strength weakening law of fault fracture zone by the
similarity theory and the principle of the orthogonal test, in which the influence of the characteristics of vibration loading on the shear
strength parameters of fault fracture zone with different thicknesses was studied. Secondly, by the assumption of Lemaitre strain
equivalence and according to the extreme value characteristics of the normal stress-shear stress curve, the damage theory model of
the fault fracture zone was reconstructed, and the microelement of fault was selected for analysis and divided into two parts, including
damaged and undamaged materials. Finally, the results of the shaking table model tests were compared with the results of the shear
cumulative damage model to verify the rationality of the theoretical model. Moreover, the predicted results of the theoretical model

can better reflect the degradation trend of the fault fracture zone with the loading amplitude, normal stress, and loading times. It can

be used as a reference for slope stability prediction under the action of cumulative static and dynamic loads.
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1 Introduction

Landslides and earthquakes and volcanoes are the three
major geological disasters in nature, which can lead to
heavy casualties and huge economic losses [1-3]. It is well
known that during an earthquake, the introduction of
a coseismic force results in the instability of slopes, while
during a rainfall event, the decrease in the shear strength
of the soil layers and the addition of hydrological forces are
the main reasons for the initiation of slope instability [4—5].
At the same time, the decrease of shear strength and the
increase of pore water pressure are the main causes of land-
slide occurrence [6—7]. For the pore water pressure varia-
tion, there are many studies enabled researchers to deepen
understanding of the initiation of many landslides, such as
the possible reduction of pumping in unsaturated soil lay-
ers [8-9], the increase of pore water pressure due to the
increase of the groundwater table [10], and the hydrological
force accompanying the underground water flow [11-12].

For the shear strength reduction, earthquakes and repeated
blasting vibration are the two main triggering factors for
the shear strength reduction of the landslides. Therefore,
numerous efforts had been made to examine the possible
addition of a coseismic force to the slope [13—14], there are
also many types of researches to investigate the initiation
mechanisms of coseismic force-induced landslides [15].
One of the most important factors that can control the sta-
bility of high and steep slope is discontinuities. The key
to managing the destructive effect of discontinuities is the
knowledge of the discontinuities’ shear mechanism, which
is strongly affected by the joint roughness and the load-
ing conditions [16]. Most of the constitutive models devel-
oped for monotonic loading conditions are not suitable for
taking into account the effect of the cyclic loading condi-
tions on predicting the shear behavior of rock joints [17].
Although the aforementioned studies have provided some
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insight into shear strength parameters of rock joints under
pre-peak cyclic loading conditions, the shear mechanism
and the discrepancy between increasing and decreasing of
the shear strength by cyclic loading are not fully under-
stood. Meanwhile, with the development of the large-scale
engineering construction projects, a large number of ore
mining and rock excavation projects continue to emerge.
During the excavation of mining production, blasting,
as a fast and crucial excavation method for hard rock mass,
has been widely used. The instability problems of slopes
with the fault zone have been affected by blasting vibration
repeated again and again. Since repeated blasting vibra-
tion will produce the cumulative effect, which will cause
cumulative damage to the shear mechanical properties of
the fault zone of the slope subject to blasting vibration.
At the same time, Koo et al. [19] only quantitatively evalu-
ated several driving parameters of slope instability through
field measured data and numerical simulation and did not
address the problem of cumulative shear damage model of
fault zone [18—19]. In reality, in the process of mining pro-
duction and excavation, the location of explosion source
was relatively concentrated, if the location of each blasting
excavation and the distance between the blasting source
and the fault zone were relatively constant, the solution
of complex problem about the cumulative shear damage
model of the fault zone, mentioned above, can be solved by
simply studying the influence of different blasting vibra-
tion amplitude and blasting vibration times on the shear
mechanism of the slope fault zone.

In this paper, combined with the similar theory of
model test and shaking table tests, the actual project was
selected as a case to study the shear strength weakening
the law of fault fracture zone (Section 1). Next, the changes
of cohesion force and internal friction angle of fault frac-
ture zone with loading amplitude and loading time were
analyzed, and the cumulative damage model of fault was
obtained through the shaking table tests data, and the shear
strength parameters of faults were studied with the change
of fault thickness, and the influence of fault thickness on
shear strength parameters under different loading times
was obtained (Section 2). Thirdly, with the assumption of
Lemaitre strain equivalence, the microelement of fault was
selected for analysis and divided into two parts, including
damaged and undamaged materials, and then by assum-
ing that the microelement strength of fault material obeyed
Weibull distribution and considering the influence of dam-
age threshold, the cumulative damage evolution model of
fault material was established to study the shear damage

mechanism of fault fracture zone under blasting vibration
(Section 3). Finally, the degradation constitutive model of
shear strength of fault materials with the change of loading
times and loading amplitude was compared with the shak-
ing table tests data to verify the rationality of the theoreti-
cal model (Section 4).

2 Engineering background

2.1 Design of test system

In this paper, analyzing and evaluating the effect of the
mining blasting on the slope was the main purpose of this
paper. The fault zone of the slope ran across the entire
slope, which was the key to the slope stability. Because
the open pits and underground pits were so large that it
was impossible and unnecessary to perform indoor simu-
lation of the entire actual slope. Therefore, shaking table
tests were carried out in the form of the model test based
on similarity theory. In the study, the stress of the model
along the direction of the fault was unchanged, so the
model was simplified to a plane strain model. In order to
meet the limitation of the bearing capacity of the labora-
tory shaking table, and conveniently test the fault cohe-
sion and friction angle, the blasting vibration simulation
tests were carried out in the form of a test block. Table 1
listed the parameters of the similarity coefficients of the
key physical quantities in model test.

When the shear deformation occurred slowly or rap-
idly along the slide zone, the shear strength of sliding
zone soil will decrease gradually after increasing to the
peak value. At the same time, the sliding zone soil will
finally reach a stable shear strength, which was the resid-
ual strength of the sliding zone soil. As the core compo-
nent of the landslide, the strength characteristics of slip

Table 1 Similarity coefficients of key physical quantities in model test

Similarity coefficient

Physical quantity Similarity (* control quantity)
Density p C, 1.29"
Elastic modulus £ C, 129
Poisson ratio u q ) 1
Cohesion C C.=C.C, 129
internal friction angle ¢ CW 1
Stress o C.=C,.C, 1
Length L C, 100"
Time T’ C, 10”
Frequency f C=Cpl 0.1
Velocity v C =C, C-l 10
Acceleration g c,=C C2 1




zone soil controlled the stability and deformation process
of the landslide, which meant that the peak strength and
residual strength were both important parameters in the
calculation and evaluation of landslide stability. A large
number of studies showed that the peak strength changed
into residual strength in the process of large displacement
shear failure of sliding soil. However, the shear strength
characteristics of slip zone soil will change with the evolu-
tion of its physical properties and the change of the exter-
nal environment, which had obvious dynamic characteris-
tics [20—21]. Therefore, based on the similarity coefficients
given in Table 1 and the paper of Jiang et al. [18], a large
number of conventional physical and mechanical proper-
ties tests were carried out such as compressive strength,
elastic modulus, shear strength, etc. And then the values
of the physical and mechanical parameters of the fracture
zone material were obtained. Meanwhile, in this paper,
the residual shear strength of fault fracture zone was also
an important factor in the research of cumulative dam-
age model of shear strength of fault fracture zone, so the
peak shear strength and residual shear strength of bedrock
and fault fracture zone in the model test were both calcu-
lated by the similar ratio in Table 1, and obtained through
a large number of orthogonal shear tests, which can meet
the requirement of the similar ratio of peak shear strength
and residual shear strength. The physical and mechanical
parameters of the in-situ rock mass and the physical model
were listed in Table 2. The similar materials for surround-
ing rock included gypsum, coarse sand, medium sand, iron
concentrate, sodium citrate, water, and the ratio of their
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Table 2 Physical and mechanical parameters of the in-situ rock mass
and the physical model

Surrounding rock The fault zone

Type Insitn o itar 5% gimilar
rock . rock .
material material
mass mass
Density/g-cm-3 2.71 2.10 1.77 1.37
Elastic modulus /GPa 20.70 0.16 2.45 0.02
Poisson ratio 0.23 0.23 0.20 0.20
Peak cohesion/KPa 466 3.61 222 1.72
Residual cohesion/KPa 380 3.16 180 1.40
Friction angle /° 29.00 29.00 24.34 24.34
Residual friction angle /° 26 26 23 23

quality was 0.21:0.33:0.05:0.42:0.01:0.16, the fault simi-
lar materials for the fracture zone included barite powder,
coarse sand, medium sand, silt, water, and the ratio of their
quality was 0.74: 0.21:0.05:0.01:0.14.

2.2 General information of the open pit slopes

Daye Iron Mine is located in Tieshan District, Huangshi
City, Hubei Province, PR China about 90 km west to
Wuhan City, 25 km east to the downtown of Huangshi
City and 15 km southeast to Daye City. Fig. 1 showed the
location of Daye Iron Mine. It can be seen from Fig. 1
that throughout more than 100 years of mining activ-
ities, a deep open-pit mine with a longitudinal length
of 2,400 meters and a horizontal direction of 1,000 meters
has been formed, which demonstrated that the east open
pit of Daye Iron Mine was selected as the study area.

Tuanfen
. ® 9 L.
~

® Huanggang

~

®Huangshi

Daye

Fig. 1 Location of Daye Iron Mine
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2.3 Design of test models

The size of the test block was 15 cm % 15 ¢cm % 15 ¢cm, and
the thickness of the fault was 3 cm. The schematic diagram
of the frame structure of the test model was presented in
Fig. 2. The schematic diagram of the three-dimensional
structure of the model was given in Fig. 3.

HorizTntaI stress device Vertical stress device (b)
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Upper shear box
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Fig. 2 Schematic diagram of the experimental model frame structure,
(a) physical structure, (b) CAD structure
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Fig. 3 Structure of the model

2.4 Loading scheme for model experiments

The seismic wave generated by the blasting is a ran-
dom wave. If the original waveform of the blasting seis-
mic wave is input to the shaking table for simulation of
blasting vibration, it is most suitable. However, due to
the difficulty in changing the frequency and amplitude,
the sine waves were mostly used in the test. The reason
was that sine waves have most of the characteristics of
seismic waves, and they also have the advantage of sim-
plifying calculations [22]. Meanwhile, since the charac-
teristics of the wave include amplitude, wavelength, fre-
quency. First of all, in terms of wave amplitude, the core
of this paper was to study the influence of blasting vibra-
tion with different vibration amplitude and vibration times
on the shear strength of fault fracture zone of the slope.
According to the principle of a single variable, the ampli-
tude of sine wave or seismic wave produced by blasting
can be adjusted to the specified amplitude by instrument,
at the same time, the amplitude of the vibration wave
determined in the test was based on the field monitoring
data, and which can be set accurately according to the
requirements of the test, so as to ensure that under the
same blasting vibration loading times, the influence of the
loading amplitude of the blasting vibration wave gener-
ated by multiple different blasting on the shear strength of
the fault fracture zone can be studied. Secondly, in terms
of wavelength and frequency, according to the field mon-
itoring results of vibration velocity of the fault in Daye
Iron Mine and references [18, 23], the main frequency dis-
tribution range of the blasting seismic wave of Daye Iron
Mine was 50—60 Hz, the blasting vibration intensity dis-
tribution range was 0.5 cm/s-2.2 cm/s, and the accelera-
tion converted to the shaking table was 1.6 m/s>~7 m/s?.
At the same time, according to the field monitoring results,
it is not difficult to find that the duration of the amplitude
change of the seismic wave generated by blasting near
the fault fracture zone from the rising stage and falling
to nearly zero was generally 20 ms [23-24]. In the model
test of this paper, the input sine wave was a half cycle sine
wave, and its frequency was set to 50 Hz, that is to say,
the period of each vibration wave was 20 ms, so it was
reasonable to replace the blasting vibration by the half-
sine wave in this paper. What’s more, the main research in
this paper was the influence of multiple blasting vibration
on the mechanical properties of the fault fracture zone.
Therefore, in the test, the seismic wave generated by blast-
ing vibration was simplified as a half cycle sine wave as
the loading of a blasting vibration wave, which can not



only solve the problem that the monitored seismic wave
was difficult to input to the equipment, but also played
a role of simplifying the calculation, and the simplified
seismic wave generated by blasting vibration can better
simulate the influence of repeated blasting vibration on
slope stability through sine wave with different loading
times and amplitude. Therefore, the sine wave frequency
in the test was 50 Hz, that is to say, when the vibration
times of shaking table was 1 s with 50 Hz, it was equivalent
to 50 times seismic waves generated by blasting vibration.
In this paper, the load times of applied vibration consisted
of 12 levels, including 7500 times, 1500 times, 2250 times,
3000 times, 3750 times, 4500 times, 5250 times, 6000 times,
7500 times, 9000 times, 11500 times and 12000 times. And
loading amplitude consisted of 4 levels, including 0.5 cm/s,
0.9 cm/s, 1.5 cm/s and 2.2 cm/s, there were four levels
of fault thickness, including 2 cm, 3 cm, 4 cm, and 5 cm.
According to the paper of Basha and Babu [22], for the
slope stability, the horizontal vibration played an abso-
lute role, so the type of sine wave loaded in the test was
the horizontal X direction. In order to obtain the cohesion
force and internal friction angle values of similar mate-
rials in the fault fracture zone after each set of loading
tests, under the action of a sine wave with different load-
ing times and amplitudes, the test block made of similar
materials in fault zone should be subjected to at least four
levels of normal stress, and the corresponding peak shear
stress should be recorded. Therefore, each test group was
loaded with four test blocks of the same vibration char-
acteristics, and the test model was loaded with normal
stresses of 50 KPa, 100 KPa, 150 KPa, and 200 KPa. The
model test system was shown in Fig. 4.

Fig. 4 System diagram of model test
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In Fig. 4, the operating system of the shaking table had
built-in software that had been strictly debugged, which can
control the shaking table accurately and can also set up sta-
ble vibration waves with different frequency, amplitude,
and time for vibration loading. And the shaking table and
the middle part of a device for providing a reaction force
were parallel, what's more, taking into account the existing
test conditions and monitoring methods, shear test in this
paper used the stress-controlled shear meter to monitor and
record the parameters of the test model, and loading devices
for shear stress and normal stress were controlled and
recorded by someone, at the same time, the normal stress
was kept constant, and the shear stress was applied step
by step until the test specimen was cut off. And there were
three cases showed that the fault zone has been destroyed
by the shear load. The first case was that the shear load can-
not be added or cannot reach stability, or the shear displace-
ment was obviously increased; The second case was that
the curve of the relationship between shear stress and shear
displacement appeared abrupt section; The third case was
that the increase of shear displacement did not appear obvi-
ous abrupt section in the curve of shear stress and shear dis-
placement, while when the total shear displacement reached
10 % of the side length of the test piece, it was also consid-
ered that the shear failure occurred in the test piece. Among
them, the shear stress of each stage can be taken as 2 %—5 %
of normal stress. After the test model passed the shaking
table loading test, the fixed connection between the test
device and the shaking table was removed, and the shaking
table test device with the ball mounted on the lower part
was slowly moved to the test shearing device which was
consistent with the plane of the shaking table. The normal
stress and shear stress in the shear test were applied by the
jack, and then the change of the shear strength parameter of
the fault fracture zone was analyzed by the change of the
shear stress under different normal stress conditions.

2.5 Test process

The shaking table test procedure was as follows: the test
model frame was installed on the vibrating table — the
test model was assembled— the vertical surrounding rock
stress device for loading model in X direction was installed,
the horizontal surrounding rock stress device for loading
model in Z direction was installed —the test model was
loaded with different parameter variables sine wave — the
test block model was subjected to a shear test — the stress
and strain data was recorded during the shear test. The part
process of the shaking table test was shown in Fig. 5.
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Fig. 5 Process of shear table test, (a) Test model starts install, (b) Test framework was installed, (c) The test model is loaded, (d) Shear test is carried

out to with sine wave

3 Analysis of test results

3.1 Shear strength parameters of the fault zone-
loading time analysis

During the test, the change of the shear strength of the
fracture zone was obtained by calculation, and the calcula-
tion process was based on the Mohr-Coulomb failure the-
ory. The change of the cohesion force and internal fric-
tion angle of the fracture zone with the loading times and
loading amplitude was shown in Fig. 6. The relationship
among cohesion force, internal friction angle, and blasting
vibration loading times of the fault zone under different
vibration characteristics was fitted, whose fitting results
were shown in Table 3 and Table 4.

In Fig. 6, Table 3, and Table 4, under different blasting
loading conditions, the shear strength parameters of the
fault zone decreased with the increase of blasting vibra-
tion loading times, and the functional relation between
them was in a form of the quadratic function. What's
more, the weakening feature had the following two forms:

(1) When the loading amplitude was less than or equal to
1.5 cm/s, the shear strength parameter of the fault zone was
mainly and gradually attenuating in this form. According
to the loading times, the friction angle and cohesion force
of the fault zone can be roughly divided into three stages:
The first stage was the 4B, stage, the 4B, stage, and the
AB, stage. The shear strength parameters of the fault zone
decreased slowly and linearly with the increase of the load-
ing times. In this stage, the elastic portion of the fracture
zone partially recovered with the unloading of the sine
wave, but the plastic or irreversible deformation was left-
over. The second stage was the B,C| stage, the B,C, stage,
and the B,C, stage. The shear strength of the fault zone
was getting smaller and smaller with the increase of load-
ing times. This stage was the accelerated weakening stage
of the fault zone. In this stage, the elastic deformation had
completely disappeared in the fault zone, and new cracks
were created and spread, which caused the mechanical
properties of the fault zone to deteriorate further. The third
stage was the C D, stage, C,D, stage and, C,D, stage in

(@)

Cohesion force (kPa)

T T

0 2000 4000 6000 8000 10000 12000

Loading times(time)

(b)

A
24.0 1 = V=0.5cm/s
J & V=0.9cm/s
w— A V=15cm/s

V=2.2cm/s

Internal friction angle (° )
>
o
1

0 2000 4000 6000 8000 10000 12000
Loading times(time)

Fig. 6 Change of shear strength parameters of similar materials in the
fault zone, (a) Cohesion force, (b) Internal friction angle

Fig. 6. In this stage, the plastic zone of the fault zone was
connected. This stage was the failure stage of the fault zone.
The shear strength parameters of the fault zone changed
slowly with the increase of the loading time. At the same
time, the fault zone had been completely destroyed under
loading times, and the strength parameters of which no
longer changed significantly.

(2) When loading amplitude was 2.2 cm/s, the damage
of the fault zone was mainly in the form of inertial force
failure, whose weakening performance was based primar-
ily on additional loads. Compared with the first case, in this
form, the weakening process of the fault zone had only two
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Table 3 Fitting results for relationship between cohesion force and blasting vibration loading time

Load times/time

Loading
amplitude / 0-6000 6000-12000
(cm/s) 4 B B R 4 B B R
1 2 1 2
0.5 218.59 2.1E-3 -3E-6 0.98 306.3 -4.2E-2 2.0E-6 0.98
0.9 222 -1.1E-2 -2E-6 0.98 201.5 -2.6E-2 1.0E-6 0.98
1.5 235.1 -3.3E-2 SE-7 0.98 160.8 -2.1E-2 9.0E-7 0.98
2.2 278.11 -9.6E-2 9E-6 0.98 4.42 3.3E-3 -2.0E-7 0.98
Table 4 Fitting results for the relationship between the internal friction angle and blasting vibration loading time
Loading Load times/time
amplitude / 0-6000 6000-12000
(em/s) 4 B, B, R? 4 B, B, R
0.5 24.28 -3E-6 -2E-7 0.92 26.82 -1.8 E-3 6E-8 1.0
0.9 24.22 -5E-4 -2E-7 0.93 22.36 -1.6 E-3 7.1E-8 1.0
1.5 24.40 -1.5E-3 -5E-8 0.92 23.41 -2.1E-3 9.0E-8 1.0
2.2 24.00 -4 E-3 2E-7 0.91 -0.51 14E-3 -8.2E-8 1.0
stages. The initial stage was the AC, stage in Fig. 6. With 250 1
. L a
the increase of loading time, the shear strength parameter @
of the fault zone failed rapidly. The fault zone was imme- G - _g———j+ [o0tmes
pidly. 200 3 -2 s 1500 times
diately destroyed after vibration loading at this stage. Then - o A o 4 2250times
. i T A ol > ¥ v~ 3000 times
the second stage was the C,D, stage in Fig. 6. At this stage, f 150 | . < o 3750 times
the shear strength parameter of the fault zone did not var g 4 " 4 4500 times
o g P . o Y 8 ¢ > 5250 times
significantly with the increase of the loading times. § 0] ” > » > e 8000 times
. . P4 1 * .
In Table 3, R? represents the correlation coefficient, the % . S : o ;ggg ::::z
fitting formula is Y =4 + B' x X + B> x Y2, Y is cohe- o ¢ * & o ° 11500 times
. . . . T . 50 { * . | . ¢ = 12000 times
sion force X is the loading times, and A, B', B* are fitting o o
. 9
parameters of the fitting formula.
In Table 4, R? represents the correlation coefficient, the 0 : T : y 4 ’ Y
_ ) ) . 20 25 30 35 40 45 50
fitting formula is Y= 4 + B! x X+ B* x Y2, Y is the internal Thickness of fault zone (cm)
friction angle X is the times of loadings, and 4, B!, B* are
fitting parameters of the fitting formula. 25 1 ()
ep & ! - —4 g - 750 times
B 1 v e~ 1500 times
v . ® —a- 2250 times
3.2 Shear strength parameters of the fault zone- ~ 20 - e . . 4 vy 3000 times
; ; o & 3750 times
thickness of fault zorfe anz.llysm. . . % . < " b o 50 times
Under the same blasting vibration loading amplitude and © N > $ g > 5250tmes
. o S 15 - e 6000 times
different loading times, the shear strength parameters of § o~ ; o o —%— 7500 times
the fault fracture zone with different thicknesses were '—é : ﬁ%%%t:;eess
analyzed. And then the change of shear strength param- 2 101 @ 12000 times
eters with the loading time was shown in Fig. 7. The fit-
ting results of the relationship among the internal friction 5
angle and cohesion force of the fault fracture zone and the o
blasting vibration loading time were shown in Table 5. 20 25 30 35 40 45 50

It can be seen from Fig. 7 that under different blasting
vibration loading time, the shear strength parameters of
the fault fracture zone decreased with the decrease of the

Thickness of fault zone (cm)

Fig. 7 Change of shear strength parameters of similar materials in the

fault zone, (a) Cohesion force, (b) Internal friction angle
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Table 5 Fitting results for the relationship between the internal friction
angle, the cohesion force in fault fracture zone and the thickness of the

fault zone

Load Cohesion force Internal friction angle :
times/time A B A B

750 207.9 161 045 22.95 0.25 0.95
1500 165.6 9.16  0.89 22.05 0.4 0.79
2250 1422 1330 095 21.42 0.43 0.76
3000 106.7 2049 094 20.88 0.37 0.59
3750 116.2 1278 091 18.45 0.6 0.86
4500 1049 12.51 097 15.18 0.97 0.98
5250 10733  1.68  0.79 13.99 0.81 0.98
6000 60.11 6.96 095 11.67 0.94 0.78
7500 37.15 799  0.67 10.78 1.02 0.87
9000 32.508 426  0.38 7.19 1.75 0.88
11500 11.99 929 078 0.73 292 0.65
12000 =253 12.07  0.65 3.28 1.95 0.53

thickness of the fault zone. At the same time, the relation-
ship between the shear strength parameter and the thick-
ness of the fault zone was in a form of the linear atten-
uation. The fitting results were shown in Table 5. It can
be seen from Table 5 that as the thickness of the fault
increased, the rate of attenuation of the cohesion force
of the fault increased first and then decreased. When the
loading time for the fault material was 3000 times, the
slope of the cohesive force curve was 20.49, which indi-
cated that the cohesion force of the fault material was the
strongest sensitivity to the thickness of the fault zone, at
this time, the shear strength of the fault fracture zone was
mainly attenuated by the cohesion force. When the load-
ing time of the fault material was 11500 times, the slope of
the internal friction angle curve was 2.92, which indicated
that the internal friction angle of the fault material was the
strongest to the thickness of the fault zone. Meanwhile,
the shear strength of the fault fracture zone was mainly
decreased by the internal friction angle.

Where R? represents the correlation coefficient, the fit-
ting formula is Y =4 + B x X, Y is cohesion force or the
internal friction angle, X is the thickness of the fault zone,
and 4, B are fitting parameters.

4 Establishment of shear damage model of fault
fracture zone

Damage theory is often used to study the damage model
of rock and soil. At the same time, with the assumption of
Lemaitre strain equivalence [25], most of the commonly
used damage models are established as shown in Eq. (1).

ler;(l—D), ()

where: 7, is nominal shearing stress; 7' is the effective
shear stress; D is the percentage of damage. The model
shows that the main reason for the damage of rock and soil
is the formation of cavities inside. That is to say, the rock
under load can be abstracted into two parts: undamaged
material and cavities, and the cavities do not have any
shear resistance. Therefore, when the rock is completely
damaged (i.e. D = 1), the nominal shear stress of rock and
soil, which is z,, must be 0, that is, the residual strength
is 0, which is obviously contrary to the reality. For this
reason, Shah and Ribakov [26] abstracted the rock and
soil materials after loading into two parts: damaged and
undamaged materials, and the stress of the rock and soil
materials was jointly borne by these two parts of materi-
als, so a new damage model of the rock and soil materials
was proposed. It is shown in Eq. (2).

7, =T;(l—D)+T:D, (@)

where: 7" is the shear stress of the damaged part of the
material, and the meaning of other physical quantities is
the same as that of the previous model. The model shows
that the rock and soil materials still have a certain bear-
ing capacity after damage, which is obviously reasonable.
When the rock and soil materials are incomplete damage
state (i.e. D= 1), 7, = 7" land 7, = 7' 1(1 — D) = 0. It can be
seen from the above formula that the rock and soil mate-
rials in the state of complete damage still have the cer-
tain bearing capacity, therefore, in order to further explore
the damage model of rock and soil materials and establish
a more reasonable damage model, the following assump-
tions are made at first:

(1) The rock and soil materials under vibration load-
ing are composed of numerous microelements uniformly,
which can be abstracted as two parts of undamaged and
damaged materials in the axial direction. The axial stress
is borne by both parts of the materials. As shown in Fig. 8,
the blank part is the undamaged part of materials, and the
shadow part is the damaged part of the materials [27-28].

(2) Under the limit stress state, the stress state (o, and o)
and rock strength parameters (normal stress ¢ and shear
stress 7) of some undamaged rock and soil materials meet
the Coulomb strength criterion, which is shown in Eq. (3)
and Eq. (4).

3 =%(o; ~0,)sin 20, (©)



G':%(0-1'4-0;)-4-%(0-;—0;)00529, “

where: ¢' is the effective normal stress of the structural
plane, 7' is the effective shear stress of the structural plane.
0 is the internal friction angle of the structural plane, o' is
the effective first principal stress of the structural plane. o,
is the effective third principal stress of the structural plane.

(3) The damage of rock only occurs in the horizontal
shear direction, and no damage occurs in the lateral direc-
tion, that is to say, the load of rock and soil material in the
horizontal direction is borne by the damaged and undam-
aged parts of materials, while the nominal normal stress
of rock in the vertical direction is equal to the effective
normal stress. The shear stress of rock and soil material
in the horizontal direction is borne by the damaged and
undamaged materials, while the nominal normal stress o
and effective normal stress ¢' of rock in the vertical direc-
tion are equal.

(4) The damage of rock means that the rock material
is destroyed, and the horizontal shear stress of the dam-
aged rock material reaches the residual strength rapidly,
that is to say, the horizontal shear stress of the damaged
rock material is the residual stress strength 7 ".

According to the above assumptions, an improved dam-
age model of rock and soil materials can be established.
The specific process is as follows: firstly, the microele-
ment of rock is selected for analysis.

As shown in Fig. 9, the macro nominal horizontal shear
stress of the microelement is assumed to be 7, the micro
horizontal shear stress of the rock and soil material in the
undamaged part is 7', the micro horizontal shear stress of
the rock and soil material in the damaged part is 7", and
the cross-sectional area of the micro element is A, where
the cross-sectional areas of the undamaged and damaged
parts are 4, and A4, respectively. Obviously, Eq. (5) and Eq.
(6) can be obtained from Eq. (1) in this paper.

(o}

P <
7’ ‘75.. w{‘
> <«
TL‘ STV E s g o X .
’; 2 . 4 ‘

Fig. 8 Analysis of micro horizontal stress of rock element
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‘L'lA:r;Al +1/ 4, )
A=A +4, ©)

If it is defined as D = 4,/4,, that is to say, the horizontal
damage variable or damage factor of rock and soil can be
obtained from Eq. (5) and Eq. (6), which is shown in Eq. (7).

T, =T:(1—D)+’L’{D (7

Eq. (7) is a new damage model of rock and soil mate-
rials. From this equation, it can be seen that when the
rock is in the state of complete damage (D = 1), 7, = 7"
can be obtained, and 7" is the horizontal residual shear
strength of rock, which does not change with the increase
of deformation. Obviously, the damage model established
in this paper can reflect the deformation process charac-
teristics of the residual strength deformation stage of rock
and soil materials, which is better than the two damage
models mentioned above. In order to establish a consti-
tutive model that can reflect the degradation law of shear
strength of rock and soil materials, the residual strength 7"
and damage variable D need to be determined.

4.1 Establishment of a new damage constitutive model
applied to fault fracture zone

Since fault materials are composed of damaged and
undamaged materials, which are closely mixed with each
other, according to the assumption (3) and the principle
of deformation coordination, the Eq. (8) can be obtained.

c =0 ®)

Therefore, Eq. (9) can be obtained by Eq. (4) and Eq. (8).
1, . .1, . .
625(61+G3)+E(61—G3)COS20 )

In addition, since 7" is the horizontal residual shear
strength of the fault fracture zone, i.e. the axial residual
strength of the fault fracture zone, which follows Mohr-
Coulomb criterion [15], so we can obtain Eq. (10).

o = (1+sinb,)o; +2C, cosH,

) (10)

1-sin6,

where: C and @ are respectively the residual cohesion and
residual friction angle of the fault fracture zone. Because
the rock and soil materials in the damaged part also meet
the Coulomb strength criterion between the ultimate stress
state (principal stress o, and ¢,) and the rock strength
parameters (normal stress ¢ and shear stress 7), so we can
obtain Eq. (11).
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T = %(G{ —0o;)sin26, (1D

Therefore, Eq. (12) can be obtained by Eq. (11) and
Eq. (10):

o % 2sinf,0; +2C, cos0, sing. (12)

r

1—sin0,

The relationship between the normal force on the shear
plane and the shear force on the shear plane of the undam-
aged part of the fault material obeys Mohr-Coulomb crite-
rion, which is shown in Eq. (13).

T =ctanf+C, (13)
where: C and 6 are the peak cohesion and friction angle of

the fault material in the shear test. Therefore, Eq. (12) and
Eq. (13) can be substituted into Eq. (7) to obtain Eq. (14).

7, =(ctan0+C)1-D)+B.D, (14)
where,

- 12sin6,0; fZC,_ cosO, sing), (15)
2 1-sin6,

Equation (14) is the damage model of fault material
under the shear test condition. The damage constitutive
model of fault material established by this formula still
needs to solve the problem of determining the damage
variable or damage factor D.

4.2 The establishment of the model of fault damage
evolution

In this paper, the statistical damage theory is proposed to
establish the fault damage evolution model. It is a widely
used method to establish the rock damage evolution
model [29]. The key is the reasonable measurement of the
microelement strength of rock. For this reason, a method
of measuring the microelement strength of rock is estab-
lished by introducing the idea of Eberhardt [30], which can
be expressed as follows Eq. (16).

F=0,+po,+7, (16)

where: F'is microelement strength of fault materials. § and
y are constants related to cohesion C and internal friction
angle @ at the peak value of rock mass material, specifi-
cally expressed as follows Eq. (17) and Eq. (18).

_1+sin6
sinf —1

(7)

_ 2Ccos0 (18)
sinf —1
Combining Eq. (8) with Eq. (9) and Eq. (16), Eq. (19) is
obtained.

P 26 —o,(1-cos20)

+fo, + (19)
1+cos26 pos+y

Equation (19) is the method to measure the strength
of fault microelements. The damage of fault materials is
caused by the continuous development of microelements,
assuming that the failure probability of fault materials
is P[f(0")], and the damage variable D can be defined as
Eq. (20).

D= j-of @) P f(c")]dx (20)

In this paper, the statistical damage evolution model
of fault material can be established by assuming that the
microelement strength of fault material obeys Weibull dis-
tribution and considering the influence of damage thresh-
old [31-32]. If the microelement strength of the fractured
material obeys the Weibull distribution, the microelement
size can be considered to contain enough micro pores and
cracks, or it can be considered as the concept of a particle
in continuum mechanics, and its probability density func-
tion is expressed as shown in Eq. (21).

m F . F_,
P(F) = FO(FO) eXp[—(FO) ] 1)
In the Eq. (21), m and F are Weibull distribution param-
eters of microelement strength (F) of fault materials. If the
influence of the damage threshold is considered, Eq. (22)
can be obtained by Eq. (20) and Eq. (21), which represents
the statistical damage evolution model of fault materials.

D:{l—exp[—(F/FO)"’] F>0 @

0 F<0
Therefore, combining Eq. (22) and Eq. (14), a statisti-
cal damage constitutive model can be obtained under the
shear test conditions, which is used to simulate the gradual
decline of shear strength of fault materials.

4.3 Determination of parameters of damage
constitutive model for fault materials

Combining Eq. (22) and Eq. (14), the attenuation statisti-
cal damage constitutive model of shear strength of fault
materials under shear test can be obtained. It can be seen
that the determination of the model parameters m and £/ is
one of the key problems in the model establishment. The



constitutive model parameters can be established accord-
ing to the extreme value characteristics of the normal
stress shear stress curve of the degradation of the shear
strength of rock and soil materials. The specific analy-
sis process is as follows. If the normal stress shear stress
curve under different normal stress is at the peak point,
the corresponding normal stress and shear stress are o,
and z.respectively, then Eq. (23) can be obtained.

ot

ot - 23
oo 0 )

T=T5c,0=0sc

Equation (24) can be obtained by partial differential
solution of Eq. (14).

or =tan6 —Dtan0 + (B, —C—GtanG)a—D
oo oo

24)
Therefore, Eq. (25) can be obtained by combining
Eq. (23) and Eq. (24).

oD
oo

_ (Dy—Dtan6 (25)
(B,—C -0y tan0)

T=Tgc,0=0gc

Where, when 7 = 7. and 0 = 0., D, is determined as
damage variable D by Eq. (22), Eq. (26) can be obtained by
partial differential solution of Eq. (22).
oD

D —expl— ()" iy )2

= (26)
oo F, F, 0o

Equation (27) can be solved by partial differentiation of
Eq. (19).

oOF 2

- == 27)
0o 1+co0s20

Equation (28) and Eq. (29) can be obtained by combin-
ing Eq. (27) and Eq. (22).

exp[—(g)”’]ﬂ—D 28)

F m=1 __ _E _
(FO) = F In(1-D) (29)

Equation (30) can be obtained by combining Eq. (25)
to Eq. (29).
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F_tanO(1+cos20)

2(B,—C—-og tan0)In(1-Dy.)

where: When o =0 and r =, the microelement strength
F of fault material is F

sc» Which is determined by Eq. (19).

F =20 —0,(1-cos20)
* 1+cos20

G

+fo,+y

Combining D = D . and ¢ = ¢, and Eq. (28), Eq. (32)
can be obtained.
Fy=F,[-In1-Dy)] ™ (32)

Combining ¢ = 0. and 7= 7, and Eq. (14), Eq. (33) can
be obtained.

Ty —(og tan0 +C)
B, — (o4 tan0 +C)

sc (33)
In order to establish a unified constitutive model that
can simulate the shear strength degradation of fault mate-
rials under different confining pressures and different
loading times, the constitutive model parameters m and
F, needs to be determined, among which the constitutive
model parameters m and £ can be determined according
to Eq. (28) and Eq. (30). However, these two parameters
contain peak stress 7. under specific confining pressure,
and the value of peak stress 7. is different for different
confining pressure, so in order to obtain the degradation
constitutive model of shear strength of fault materials, the
determination method of peak stress should be given.

4.4 Example and verification of shear cumulative
damage model for fault materials

In order to verify the rationality of the theoretical model,
the degradation constitutive model of shear strength of
fault materials with the change of loading times and load-
ing amplitude can be obtained by combining the peak
cohesion and friction angle data under different loading
amplitude and loading times, which was shown in Table 3
and Table 4. Table 6 showed the parameter values of the
theoretical prediction model of cumulative shear damage
under different normal stress and loading amplitude. The
comparison between the measured value of shear stress of

Table 6 Parameter Values of cumulative shear damage model of fault materials under different normal stress and loading amplitude

Loading amplitude/(cm/s) 0.5 0.9 1.5 2.2

Normal stress 100 200 300 100 200 300 100 200 300 100 200 300
To 6.30 26.00  42.00 8.00 19.50  37.00 7.00 14.00  32.00 6.80 13.00  28.00
m -0.21 -0.92 -1.08 -0.76 -1.05 -0.10  -0.65 -0.94  -0.58 -0.76 -0.76 -0.42
F, 1.58 19.26  40.81 5.87 18.32 3335 3.74 12.15 18.58 4.61 8.04 11.92
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Fig. 9 Comparison between the test value of shear stress and the predicted value of theoretical model, (a) 0.5 cm/s, (b) 0.9 cm/s, (c) 1.5 cm/s, (d) 2.2 cm/s

fault fracture zone by shaking table model tests and the
predicted value of the theoretical model under different
normal stress and loading amplitude was shown in Fig. 9.
It can be seen from Fig. 9 that under the same loading
amplitude, the shear stress of fault fracture zone increased
with the increase of normal stress, and with the increase of
loading amplitude, the influence of different normal stress
on the magnitude of shear stress gradually decreased,
which showed that when the normal stress was larger and
the buried depth of fault fracture zone was larger, the shear
strength of fault fracture zone was higher, and the influ-
ence of loading amplitude on its magnitude was weaker.
At the same time, the shear stress value of the fault frac-
ture zone gradually decreased with the increase of loading
times and loading amplitude, and when the loading ampli-
tude was small, it can be seen that the curve showed three
obvious stages of change, that is, first slow decreased,
then accelerate decreased, and finally tended to balance.
However, with the increase of the loading amplitude, the
three-stage change of the curve gradually changed to two-
stage change, which showed that the loading amplitude has
an obvious effect on the degradation of the shear strength
of the fault fracture zone, which can reduce the elastic part
of the fault fracture zone in the process of deformation,

and directly make the fault fracture zone enter the elas-
tic-plastic or even damage stage.

By comparing the test data with the theoretical curve,
it can be seen that the fitting between the test results and
the theoretical results was good. The predicted results of
the theoretical model can reflect the attenuation trend of
the fault fracture zone with the loading amplitude, normal
stress, and loading times. It showed that the damage con-
stitutive model considering the residual stress intensity
of horizontal shear stress can fully reflect the attenuation
change of the fault fracture zone, which was consistent
with the change of blasting parameters.

According to the concept of rock yield, the parameters
of the shear stress prediction model in fault fracture zone
were determined by the extreme value method, which was
suitable for the solution of loading test data under differ-
ent loading amplitudes and confining pressure. It does not
contain unconventional rock mechanical parameters, so
it is more convenient for engineering applications. In the
process of establishing the mechanical parameters dam-
age model of fault fracture zone, the mechanical param-
eters and statistical distribution parameters used in the
model are independent of lithology, so the model is also
suitable for other rocks with different lithology.



5 Conclusions

We investigated the cumulative damage process and change
of fault fracture zone with different thicknesses under
repeated blasting vibration loads with different loading
amplitudes and different loading times. Based on what we
have discussed above, the following conclusions are drawn:

1. Under different blasting conditions, the shear strength
parameters of the fault zone decreased with the increase of
blasting vibration loading time, and the functional relation
between them was a quadratic function. When the loading
amplitude was less than or equal to 1.5 cm/s, the degrada-
tion form of the shear strength parameter of the fault zone
was mainly in the form of cumulative weakening. And
when the loading amplitude was 2.2 cm/s, the damage of
the fault zone was mainly in the form of inertial force fail-
ure, whose weakening performance was primarily based
on additional loads.

2. Under the action of different blasting vibration load-
ing time, the shear strength parameters of the fault frac-
ture zone decreased with the decrease of the thickness of
the fault zone. At the same time, the relationship between
the shear strength parameter and the loading amplitude
accorded with the linear attenuation. The influence of the
loading amplitude on the degradation of the shear strength
parameters of the fault material increased first and then
decreased. When the loading time was the 3000 times, the
cohesive force of the fault was the most sensitive to the
thickness of the fault zone. When the loading time was
11500 times, the internal friction angle of the fault was the
most sensitive to the thickness of the fault zone.
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