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Abstract

Excavation in engineering significantly changes the initial stress state of rock, which makes rock inevitably in complex unloading
conditions, thus it is of great significance to make a profound investigate of the mechanical characteristics of rock under unloading
condition. This paper carried out two different stress paths including conventional triaxial compression and unloading confining
pressure tests on granite specimen from Sanshandao gold mine, and systematically analyzed the strength characteristics, deformation
characteristics and energy evolution laws. Results show that the brittle failure characteristic of granite under unloading confining
pressure are more obvious, and the peak strength, axial deformation and other parameters are smaller than those of triaxial
compression test. Especially the deformation modulus decreases with the increase of unloading confining pressure, which is no
longer a constant parameter in the sense of continuum. Therefore, the unloading-induced weakening coefficient of engineering rock
mass is proposed, and the relationship between the coefficient and the reduction ratio of confining pressure is quantified. Then, the
unloading-induced weakening algorithm is developed in FLAC3D to simulate the stability of a deep mine stope. It is found that results
of the unloading-induced weakening model are much closer to the engineering practice, which has certain theoretical and practical

reference significance for the stability analysis of rock mass engineering.
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1 Introduction
Rock mass is usually subjected to stress disturbance effects
due to the impacts of rock engineering [1]. The redistrib-
uted stress of rock after excavation can be in loading or
unloading states. However, the loading and unloading
are two completely different stress paths, resulting in dif-
ferent mechanical response [2—6]. If the research results
of loading rock mechanics are used blindly to guide the
rock mass engineering mainly based on excavation and
unloading without distinction, it will bring potential dan-
gers and even cause accidents and disasters. Therefore,
it is necessary to investigate the mechanical behavior of
rock under unloading conditions and apply them to guide
engineering practice.

Due to the research of rock mechanics has yielded fruit-
ful results in loading conditions, more and more schol-
ars begin to explore the unloading rock mechanics from

various aspects such as failure mechanism, stress-strain
curve and strength criterion. Crouch [7], Swanson and
Brown [8] and others studied the influence of confining
pressure reduction on rock strength through unloading
confining pressure tests, and believed that the stress path
has a certain influence on rock strength. Based on the con-
cept of Griffith fracture mechanics, some scholars [9—11]
found that mechanical parameters of rock under loading
and unloading conditions are very different through exper-
imental research, and the latter were more consistent with
the excavation conditions. Gao et al. [12], Li et al. [13] and
Wang et al. [14] and others carried out triaxial tests on the
marble of the slope of Jinping Hydropower Station under
the loading and unloading conditions, indicating that
the deformation modulus under the unloading of confin-
ing pressure was decreased, and the lateral deformation
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increased significantly; On this basis, Yao et al. [15],
Li et al. [16] and Feng et al. [17] conducted loading and
unloading tests with more complex paths, and the results
showed that the stress path has a significant impact on
the stress-strain curve, strength and deformation charac-
teristics, and pointed out that the rock mass excavation
is not a simple loading path, so the mechanical param-
eters obtained by loading in the laboratory are inaccu-
rate, and the mechanical parameters measured by unload-
ing path are more reasonable. Huang and Huang [18] and
Li et al. [19] studied the mechanical characteristics of
granite unloading failure under different initial unloading
level from various aspects such as force, internal friction
angle, lateral strain and maximum dilatancy, obtaining the
evolution of the brittle failure. Cai and Kaiser [20] and Cai
and Horii [21] deduced the nonlinear elastic constitutive
model of jointed rock mass considering the influence of
excavation disturbance by using statistical analysis, and
applied it to the mechanical stability analysis of tunnel.
Wu and Zhang [22] established a constitutive model that
can reflect the unloading failure characteristics of rock
according to define a disturbance function based on the
concept theory of disturbance state.

From the perspective of energy, the stress state of rock
is changed by excavation, which leads to the accumula-
tion and release of energy, resulting in the instability and
failure of surrounding rock. Xie et al. [23, 24] proposed
the strength criterion of energy dissipation based on the
energy mechanism of rock mass deformation and failure
process, and pointed out that rock deformation and failure
are the comprehensive results of energy dissipation and
energy release. Many scholars have analyzed the charac-
teristics of rock dissipation and expansion under differ-
ent lithology [25, 26], different confining pressures [27],
different unloading paths [28, 29], graded loading and
unloading conditions [30, 31], and the relationship between
energy and rock sample deformation and confining pres-
sure. Peng et al. [32], Xi et al. [33] and Fan et al. [34]
investigated the law of energy evolution and mechanism
of initiation, propagation and coalescence of rock cracks
by using numerical software. Meanwhile, many testing
equipment, such as Nuclear Magnetic Resonance [35],
Computed Tomography imaging technology [36, 37] and
Scanning Electron Microscope [38] were combined with
rock mechanics tests to study the whole process of the
microcrack growth, propagation, penetration and failure
of rock sample in unloading conditions.

In conclusion, it is of great significance to make a pro-
found study of the mechanical properties of rock under
the unloading condition. Through conventional triaxial
compression and unloading confining pressure tests under
different stress conditions, this paper systematically ana-
lyzes the mechanical properties and failure mechanism of
rock under unloading confining pressure conditions from
the perspective of strength, deformation and energy evo-
lution laws. By analyzing the deformation characteristics,
it is verified that the deformation modulus decreases with
the increase of unloading confining pressure. Furthermore,
the unloading-induced weakening coefficient of engineer-
ing rock mass is proposed, and the relationship between the
coefficient and the reduction ratio of confining pressure is
quantified. Then, the unloading-induced weakening algo-
rithm is developed in FLAC3D to simulate the stability of
a deep stope in Sanshandao Gold Mine. Through compari-
son, it is found that the unloading-induced weakening model
is much reasonable and closer to the engineering practice,
which has certain theoretical and practical reference signif-
icance for the stability analysis of rock mass engineering.

2 Introduction

2.1 Rock material and sample preparation

The granite cores were obtained from Sanshandao Gold
Mine located in Shandong province China, the mining depth
of which exceeds 1000 m. X-ray powder diffraction (XRD)
analysis revealed that the mineral composition and content
can be described as follows: plagioclase (44%), potash feld-
spar (20%), quartz (32%), and biotite (4%). The specimens
were required to be processed into a cylindrical shape with
a diameter of 50 mm and a height of 100 mm, which is in
good agreement with the specimen size recommended by
ISRM. Both ends of the specimens were polished to ensure
the error of unevenness is less than 0.05 mm, and the paral-
lelism of both ends is less than 0.25°. The NM-3C non-me-
tallic ultrasonic tester was used to ensure the uniformity
of the physical and mechanical properties of experimental
specimens. The density and longitudinal wave velocity of
the specimens are 2.6-2.8 g/cm? and 3.38-5.83 m/s, respec-
tively. Through preliminary tests, the uniaxial compressive
strength and tensile strength of the granite are determined
as 81.85 MPa and 11.71 MPa, respectively.

Fig. 1(a) shows the ZTR-276 electro-hydraulic servo
rock triaxial test system for triaxial compression tests and
un-loading confining pressure tests in the Deep Mining
Laboratory of Shandong Gold Group Co., Ltd. And the
Granite specimens are shown in Fig. 1(b).
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Fig. 1 Mechanical test equipment and granite specimens: (a) ZTR-276

electro-hydraulic servo rock triaxial test system; (b) granite specimens

2.2 Test scheme and conditions

2.2.1 Triaxial compression test scheme

There are two purposes to carry out the conventional tri-
axial compression test. One is to analyze the mechanical
characteristics of rock under loading conditions which will
be used for the comparisons with the subsequent unload-
ing confining pressure test. The other is to determine the
peak stress of the specimen under different confining
pressures which will provide the basis for the design of
unloading test scheme. The triaxial compression tests are
carried out under an increasing stress at a constant loading
rate of 500 N/s. According to the results of in-situ stress
measurements, the confining pressures are set as 10 MPa,
20 MPa and 30 MPa, respectively.

2.2.2 Unloading confining test scheme

According to different stress paths, the unloading con-
fining pressures condition tests can be divided into three
types as shown in Fig. 2.

Constant axial stress—unloading confining pressure path
was selected to simulate the stress adjustment process of
constant shear stress and reduced radial stress during the
underground excavation cavern. The details about the
schemes of unloading confining pressure test are as follows:

(1) The stress control with a constant loading rate of
2 MPa/min was used to apply confining pressure to a pre-
determined value, which were 10 MPa, 20 MPa and 30 MPa,
respectively.

(2) The stress control was continued to apply the axial
pressure at the rate of 500 N/s to the unloading point, where
the value of stress level at unloading point should be greater
than uniaxial compressive strength, and should be 70-90%
of the corresponding triaxial compressive strength. In this
paper, the starting point of unloading confining pressure
was selected as 80% of triaxial compressive strength.

(3) Keep using stress path control to maintain the axial
stress o,. At the same time, the confining pressure was
unloaded at a speed of 0.01 MPa/s until the specimen failed.
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3 Experimental results and discussion

3.1 Analysis of deformation characteristics

Fig. 3(a) is the full stress-strain curves of triaxial compres-
sion test under different confining pressures. It can be seen
that the curves before the peak basically coincide. As the
confining pressure increases, the yield stress, peak stress,
and residual strength gradually increase indicating that
increasing confining pressure has an inhibiting effect on the
deformation and failure of the specimen which improves
the load-bearing capacity of specimen. The post peak
curves show the obvious elastic brittle characteristics and
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Fig. 2 Stress paths of unloading confining test: (a) Constant axial
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stress drop phenomenon. With the increase of confining
pressure, the decrease of stress gradient becomes slower,
and the degree of brittle failure after peak decreases.

Fig. 3(b) shows the full stress-strain curves of unload-
ing confining test under different confining pressures.
The slope of stress-strain curve before the peak is positi-
vely correlated with the confining pressure. In the unload-
ing stage, the growth rate of deviator stress gradually
increases with the confining pressure, and the rock dis-
plays a yield characteristic. With the increase of confining
pressure, the process of the deviator stress decreasing to
the minimum gradually becomes longer, and the specimen
shows a characteristic of ductile failure.

Under the same confining pressure, the strain softening
trend of granite under unloading condition is weaker than
that in loading condition. Moreover, the peak strength, cor-
responding axial deformation to peak strength and resid-
ual strength of unloading confining pressure test are all
smaller than the values of triaxial compression test, indi-
cating that unloading condition is more likely to cause rock
failure, and the brittle characteristics are more obvious.

In the unloading stage, the deformation model of rock
changes to varying degrees with the increasing unload-
ing amount, showing weakening characteristics, as show
in Table 1.

3.2 Analysis of strength characteristics

The rock strength criterion can be used to character-
ize the relationship between stress and strength of rock
materials in the critical damage condition. At present,
Mohr Coulomb (M-C) criterion based on shear failure is
widely used, which considers the anti-friction strength of
rock is equal to the sum of the cohesion of the rock itself
against shear friction and the friction force generated by
the normal stress on the shear plane. M-C criterion can be
expressed in the following forms,

T=c+otang, (D)

2cos¢
1-sing ’

- _1+sin¢(T
: 1—-sing ’

@

where 7 is shear strength; o is normal stress on shear plane;
c is cohesion; ¢ is internal friction angle; o, and o, are
maximum and minimum principal stress, respectively.
Fig. 4 shows the relationship between the maximum
principal stress and con-fining pressure in the case of rock
failure under triaxial compression test and unloading con-

fining pressure test. The fitting expression is as follows,

o,=ac;+b, (€)

where a is an influence coefficient of confining pres-
sure on rock strength; b is the UCS (uniaxial compres-
sive strength) obtained by fitting. Combining Eq. (2) and
Eq. (3), the cohesion and internal friction angle under tri-
axial compression and unloading confining pressure can
be obtained as follows,

c=b(1-sing)/(2cosp), )

¢ =arcsin[(a—1)/(a+1)]. )

Table 1 Mechanical parameters of granite under different stress paths

Unloading confining

Confining Triaxial compression test pressure test
pressure/
MPa Peak stress  Deformation Peak stress  Deformation
/MPa modulus/GPa /MPa modulus/GPa
10 162.202 44.629 157.126 41.884
20 216.57 47776 199.157 43712
30 296.17 48.066 285.758 47.214
300 q
0,=95.679+6.6980,
250 (R*=0.999)
T
a
=
S}
200
B test value
B linear fit
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@
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©
a
=3
S}
200 A ]
B test value
— linear fit
[ ]
150 T T T T 1
10 15 20 25 30 35
a3 (MPa)
(b)

Fig. 4 Relationship between maximum principal stress and confining
pressure: (a) triaxial compression test; (b) unloading confining

pressure test



All the values of strength parameters under unloading
confining pressure test are less than those under triaxial
compression test, as show in Table 2. The values of fitting
UCS, cohesion and internal friction angle are fallen by
10.763%, 7.552% and 1.656%, respectively. Furthermore,
the reduction of cohesion is larger than the internal fric-
tion angle, which indicates that the stress path of unload-
ing confining pressure mainly affects the strength of rock
by reducing the cohesion.

3.3 Analysis of energy evolution

The failure process of rock is driven by energy activities,
which includes energy absorption, evolution, release and
dissipation of strain energy. Therefore, the failure char-
acteristics of rock can be well described from the per-
spective of energy. Research shows that different types
of energy accumulation during excavation correspond to
different types of rock failure. A large amount of elas-
tic energy storage can often induce rock burst, while the
increase of dissipated energy will easily lead to rock spall-
ing. As a result, more attention should be paid to judge
whether the energy is accumulated in the surrounding
rock, so as to avoid the damage of surrounding rock under
unloading conditions. Then, reasonable excavation meth-
ods and support schemes are designed according to the
energy evolution caused by unloading confining pressure.

3.3.1 Energy calculation method

In the triaxial compression test, specimen is compressed in
axial direction and expanded in radial direction, so the test
machine does positive work on the specimen in the axial
direction, and the confining pressure caused by the expan-
sion does negative work in radial direction. Therefore, the
strain energy in the whole process can be expressed as,

U=U,+Us, 6)

where U is the strain energy; U, is the strain energy
absorbed by specimen; U, is the strain energy consumed
by the specimen.

The absorbed and consumed strain energy (U, and U,)
at any time during the test can be obtained by integrating

the stress-strain curve with the following equations,

&
Ulzjolcldgl’ (7)

87
Us=2 Jo3a3dg3 , )

where ¢ and ¢, are the axial strain and radial strain at ¢
time, respectively.
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Table 2 Granite strength parameters

Stress path a b/MPa c¢/MPa o/(°)
Triaxial 6.698 95.679 12428 47749
compression

Unloading confining ¢ 5 85.381 11490  46.958

pressure

In addition, strain energy can be divided into two types:
one is the elastic strain energy (U) stored in specimen,
the other is the plastic strain energy (U)) causing plastic
deformation and crack propagation of specimen. The elas-
tic strain energy (U) at any time during the test can be
calculated by the following equation,

U=U,+U,, ©)]

1 2 2 y 2
Ue - E[Glt +203t _z:uu (2611631 +631):| P (10)
where E " and p ' are the elastic modulus and Poisson’s
ratio at ¢ time, respectively.

3.3.2 Energy evolution law of unloading confining
pressure test

Fig. 5 shows the evolution curve of different types of energy
with axial strain during unloading confining pressure test.

In the initial stage, the total energy U, dissipated energy
U, and elastic strain energy U, increase linearly with the
increase of axial stress. However, the increase of energy is
small, and the values of three different types of energy are
very close.

In the elastic deformation stage, the dissipated energy
U, gradually increases with the increase of axial deforma-
tion. The continuous action of the axial stress in this stage
causes the internal microcracks initiate and gradually
expand. The dissipated energy mainly acts on the crack
growth and the friction generated by the dislocation of the
crack plane. At the same time, the lateral deformation of
rock specimens gradually increases, and part of the energy
consumed is also used to overcome the confining pressure.
The dissipated energy mainly acts on the crack propaga-
tion and the friction caused by the dislocation of the crack
surface. At the same time, the transverse deformation of
the specimen increases gradually, and part of the energy
consumed is also used to overcome the confining pressure.

In the unloading confining pressure stage, the three
types of energy continue to increase with the loading
time, and the increase rate is obviously higher than that of
the previous stage. The rate of increase of the dissipated
energy U, and total energy U is significantly higher than
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Fig. 5 Energy evolution curve of unloading confining pressure test:
(a) 10 MPa; (b) 20 MPa; (c) 30 MPa

that of the previous stage, but the amplitude of increase
of absorbed total energy is still greater than that of con-
sumed energy. However, the increase of total energy is
still greater than that of dissipated energy.

When the stored elastic energy reaches the maximum
surface energy borne by the microscopic element of rock
specimen, most of the stored elastic energy will be released
rapidly, and the internal cracks of the rock specimen will
converge and coalesce, eventually forming a large macro-
scopic fracture surface, which will lead to the failure and
instability of the rock specimen in a short time.

3.3.3 energy conversion of unloading confining
pressure test

To accurately reflect the energy characteristics of rock
specimen under different unloading confining pressure
rates, the energy increment difference (AU) between the
starting point and the peak stress of unloading confining
pressure is defined as follows,

AU = U peak stress - Uunloading point + (1 1)

Meanwhile, the transformation rate (¥, of rock strain
energy before peak stress can be expressed as

V,,=AU/A! . (12)

The energy increment of granite specimen under differ-
ent unloading confining pressure conditions is shown in
Fig. 6. It can be seen from the figure that the elastic strain
energy increment (AU ), dissipated energy increment (AU )
and total energy (AU) increase along with the increasing of
confining pressure. In addition, AU, is significantly greater
than AU, indicating that the energy absorbed by the spec-
imen during the unloading confining pressure is mainly
converted into the energy consumed by crack propagation,
penetration and friction.

Fig. 7 shows the relationship between the pre-peak con-
version rate of elastic energy U, dissipated energy U, and
total energy U and the initial confining pressure. The three
types of energy are positively correlated with the initial
confining pressure. When the initial confining pressure is
30 MPa, the energy conversion rates of U, U, and U are
3.639 times, 1.572 times and 1.950 times of those when the
initial confining pressure is 10 MPa, respectively, indicat-
ing that the initial confining pressure has a great influence
on the crack initiation and propagation in the specimen.
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Fig. 6 Energy increment of the unloading stage under different

confining pressures
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Fig. 7 Relation curve between energy conversion rate and confining
pressure before peak value

Through the above analysis, the law of energy evolu-
tion in each stage of the unloading confining pressure test
can be obtained. In pre-peak stage, the energy of the spec-
imen mainly exists in the form of elastic energy and dissi-
pated energy. In the post peak stage, the dissipated energy
increases sharply, which promotes the initiation and prop-
agation of the internal cracks and decreases the bearing
capacity of the specimen, resulting in instability and frac-
ture of the specimen.

4 Unloading-induced weakening effect and Stope
stability analysis

4.1 Mechanism and significance of unloading-induced
weakening effect

The excavation breaks the original stress balance of rock
mass, resulting in stress redistribution, as shown in Fig. 8.
As a special geological engineering material, the mechan-
ical parameters of rock mass change with the stress envi-
ronment. And the change process is mostly irreversible
deterioration process. Research shows that the deforma-
tion modulus is not constant but weakened in different
degree during excavation.

According to different strength characteristics after
yield stress, there are four commonly used constitutive
models, namely ideal elastic brittle model, strain soften-
ing model, ideal elastic plastic model and strain hardening
model, as shown in Fig. 9. In the numerical simulation of
geotechnical engineering, ideal elastic-plastic model and
strain softening model are mostly used.

However, the weakening of mechanical parameters of
rock mass during excavation is not fully reflected in these
two models. The parameters in Mohr-Coulomb model are
constants, and the strain softening model only considers
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Fig. 8 Schematic diagram of excavation unloading
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Fig. 9 Stress strain curve relationship of four common models

the weakening of cohesion and internal friction angle, and
does not involve the deformation modulus. Therefore, it is
of great significance for numerical calculation to consider
the dynamic deterioration process of deformation modu-
lus during excavation.

4.2 Quantitative calculation and realization of
unloading induced deterioration

The deformation model is generally obtained from the stress-
strain curve under uniaxial compression test, expressed as
a ratio of stress ¢ and strain ¢.

E=c/gorE=d_/d, (13)

As the axial strain is very small in the unloading con-
fining pressure test, if the uniaxial stress-strain curve
method is still used to calculate the deformation modu-
lus, the results are not in accordance with the reality. It is
assumed that the rock obeys the generalized Hooke's law
under triaxial stress, so stress-strain relationship con-
forms to Eq. (14).

g =0,—ulo,+0;)/ E
g, =0,—u(o,+0,)/ E (14)
&=0,—p(o,+0,)/ E

In the normal three-axis state, o, = o,. The calculation
equation of rock deformation modulus can be obtained.
E=(o,+2uc;)/¢
u=(Bo,—c,)/[0;(2B-1)-0,] (15)
B=¢g,/¢
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Combined with previously unloading confining pres-
sure tests, the curve of deformation modulus changing with
confining pressure can be obtained, as shown in Fig. 10.
The horizontal axis is the percentage change of confining
pressure that represents the level of stress reduction.

0

o, —C
P=—=—"x100%, (16)
63
where P is the percentage change of confining pressure;
o) is initial confining pressure; o, is real-time confining
pressure.
In order to quantify the change of deformation modulus,
the unloading-induced weakening coefficient 4 is defined,

A=E/E,, 17)

where E is deformation modulus after weakening; E, is
deformation modulus.

The quantitative relationship between coefficient A and
percentage change of confining pressure is obtained by fit-
ting the curve.

A, =0.9988-0.8710P +1.3546P> —0.5290P° +1.0633P* (R*> =0.9976)
A,y =0.9871-0.3450P —1.6819P* +5.9938P* —5.1067P* (R* =0.9962)
Ay, =0.9816+0.3721P—5.6269P> +13.189P° —=9.0165P* (R> =0.9913)

(18)
where 4,, 4,, and 4, are the coefficient when initial stress
is 10 MPa, 20 MPa and 30 MPa, respectively.

In this paper, according to the maximum principal
stress, the coefficient 4 is selected as shown in Table 3.
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Fig. 10 Curve of deformation modulus changing with confining

pressure

Table 3 Selection of stress range and coefficient

Range of stress (MPa) <10 10-20 >20

coefficient A 4, 4,, 4,

In order to reflect the influence of excavation distur-
bance deterioration effect on stope stability, this paper
proposed an unloading-induced weakening algorithm in
numerical simulation.

The built-in strain softening model of FLAC3D is rede-
veloped to realize the dynamic process of deformation
modulus weakened with stress reduction under excavation
disturbance. Fig. 11 shows the flow chart of unloading-in-
duced weakening algorithm. After a certain calculation
steps, the horizontal principal stress situation of each unit
can be judged by iterated over the model, then the corre-
sponding coefficient according to the value of initial prin-
cipal stress is selected to weak the deformation modulus.
Repeat the above cycle until the simulation is completed.

4.3 Engineering case

According to the engineering geological conditions
of Sanshandao Gold Mine, the numerical model from
—960 m to —1005 m level is established. The model takes
the extension direction of stope as X-axis, the direction
perpendicular to the stope as Y-axis, and vertical direc-
tion as Z-axis. The lengths along the axis of X, Y and Z
are 177 m, 40 m and 65 m, respectively. The model before
excavation is composed of 94116 units and 538772 nodes,
which is divided into three groups, namely, hanging wall
rock group, footwall rock group and ore body group, as
shown in Fig. 12.

| Establish numerical model |

v

| Apply boundary conditions |

| Simulation of excavation process |

| Calculate with a certain time step |

Judged the stress situation of
each unit

v

Perform the deformation
modulus weakening algorithm

Numerical simulation completed H—

Fig. 11 The chart of unloading-induced weakening algorithm
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Fig. 12 3D numerical model of mine based on FLAC3D

4.3.1 Boundary condition

The stress boundary conditions are calculated accord-
ing to the deep in-situ stress field model. The stresses are
33.48 MPa, 45.31 MPa and 28.59 MPa in X, Y and Z direc-
tions, respectively. Physical and mechanical parameters of
rock mass are shown in Table 4.

4.3.2 Simulation results
The drift-and-fill mining stopping method is selected, tak-
ing one every the other one mining scheme with the stope
span is 5 m. And the stability and failure of stope were
analyzed from the perspective of deformation, stress and
plastic zone.

(1) Displacement field analysis

Fig. 13 are the Z-direction displacement cloud for dif-
ferent excavation periods. It is observed that during the
fifth step excavation, Z-direction displacement is mainly
distributed over the two sides of the excavated area. Even
though the filling of 1#~4# stopes has been completed,
there is still large deformation on both sides of the access
road. And the maximum displacement of hanging wall
rock is about twice that of footwall rock. When the exca-
vation reaches the 15" step, the maximum displacement of
the goaf is transferred to roof area, reaching —72.74 mm.
At this time, the surrounding rock on both sides of the
1#~10# stopes are gradually stabilized under the function
of fill mass. During the 25" excavation, since both sides of
21#~25# stopes are filled, the surrounding rock displace-
ment is small. With the excavation, the distribution range
of displacement field gradually expands, but the maxi-
mum displacement is still distributed on the roof of the
stope, with the value reaching 171.1 mm. At the same time,
a large area of floor heave also occurs.
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(2) Stress field analysis

The stress state is the most important factor affecting
the stability of stope. Analyzing the change of stress field
is helpful to take targeted support measures for the area
with large deformation. In FLAC3D, the tensile stress is
positive and the compressive stress is negative. The max-
imum principal stress and minimum principal stress are
determined by the absolute value.

With the gradual development of mining, the maximum
principal stress distribution cloud of the stope is shown
in Fig. 14. At the beginning of excavation, the maximum
principal stress is mainly distributed over the corner area

Table 4 Mechanical parameters of deep rock mass in

Sanshandao Gold Mine
Type Rock mass Ore Filling body
Density (kg/m?) 2700 2900 2160
Cohesion (MPa) 1.29 2.83 0.84
Internal friction angle (°) 41.35 41.57 38
Tensile strength (MPa) 0.42 0.25 0.5
Compressive strength (MPa) 8.23 12.84 \
Elastic modulus (GPa) 16.00 19.13 6.1
Poisson's ratio 0.25 0.21 0.36

(© ()

FLAC3D 5.00
s s crotny o,

(e)

Fig. 13 Z-direction displacement cloud for different excavation periods:
(a) after excavation 5 steps; (b) after excavation 15 steps; (c) after
excavation 25 steps; (d) after excavation 35 steps; () excavation
completed
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(©)
Fig. 14 Maximum principal stress cloud for different excavation
periods: (a) after excavation 5 steps; (b) after excavation 15 steps;
(c) after excavation 25 steps; (d) after excavation 35 steps; () excavation
completed

near the roof of the footwall rock. With the excavation,
the stress of stope is released, and the maximum principal
stress is always concentrated in the bottom and top cor-
ner of the stope. After excavation, the maximum princi-
pal stress reaches 56.45 MPa, but there is no tensile stress
during the whole process.

(3) Plastic zone analysis

Fig. 15 show the distribution characteristics of the plas-
tic zones at different excavation periods. During the fifth
step, the plastic zone is mainly distributed in the surface
area of rock around the mined stopes, mainly in shear fail-
ure. With the progress of excavation, the plastic zone is not
only distributed in the surrounding rock, but also in the
roof and floor of the mined stopes. It is also dominated by
shear failure, accompanied by tensile failure. After exca-
vation, the plastic zone area increases and more complex
failures occur. At that time, a large area of shear failure
occurs on the roof of 20# stope, but the filling bodies of
21#~35%# stopes have not yet been damaged.

4.4 Comparison and verification
By comparing within the results of strain softening model
and combining with the field monitoring data, the analysis

(e)

Fig 15. Maximum principal stress cloud for different excavation

periods: (a) after excavation 5 steps; (b) after excavation 15 steps;
(c) after excavation 25 steps; (d) after excavation 35 steps; (e) excavation
completed

is conducted from the perspective of Z-direction displace-
ment to verify the reliability of unloading-induced weak-
ening algorithm in stability simulation.

Since the displacement has different values depend-
ing on the position during excavation, five monitoring
sites are set in the model, whose Z-direction displacement
and coordinate are shown in Table 5 and Fig. 16, in order
to better analyze the change of displacement. It can be
seen that the strain softening model does not consider the
unloading-induced effect of deformation modulus, and the
displacement of which is only 0.56~0.85 times compare to
that of unloading-induced weakening model, resulting in
a much conservative stability evaluation.

Table 5 Coordinates and displacements of numerical monitoring sites

Moni- Coordinate Z-direction displacement/m
t(?ring v Unloading-induced  Strain softening
site weakening model model

1# -6.5 20 15 0.10766 0.06563

24 -1.5 20 15 0.13453 0.0761

3# 35 20 15 0.15426 0.0944

4# 8.8 20 15 0.16726 0.1254

S# 13.5 20 15 0.17113 0.1465
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Fig. 16 Data of simulation monitoring

The convergence gauge (JSS30A) was used for on-site
monitoring, and the monitoring results are shown in Fig. 17,
the deformation rate of each monitoring site changed
greatly in the early stage, and gradually decreases after
about a week, showing a stable trend. The average verti-
cal displacement of roof at monitoring sites 1#~3# in the
monitoring period is about 25 mm. A comparison showed
that the simulation result of unloading-induced weaken-
ing model is much closer to the site monitoring data, that
is to say this model is more consistent with the excava-
tion conditions.

5 Conclusions

(1) During the unloading confining pressure process, the
growth rate of deviator stress gradually increases with the
confining pressure. After the peak stress, the decreasing
process of deviator stress is prolonged with the increase of
confining pressure. Under same confining pressure, rock
in the unloading confining condition has obvious brittle-
ness characteristics, and the deviator stress, peak axial
strain and residual strength are lower than those in the tri-
axial compression conditions.

(2) In pre-peak stage, the energy of the specimen mainly
exists in the form of elastic energy and dissipated energy.
In the post peak stage, the dissipated energy increases
sharply, which promotes the initiation and propagation
of the internal cracks and decreases the bearing capacity
of the specimen, resulting in instability and fracture of
the specimen.
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Fig. 17 Data of on-site monitoring

(3) In unloading confining pressure test, the deformation
modulus weakens gradually with the increase of unloading
pressure, indicating that the deformation modulus has an
unloading-induced weakening effect. The quantitative rela-
tionship between unloading-induced weakening coefficient
A and the reduction ratio of confining pressure is obtained
by analyzing the change of deformation modulus during
the unloading tests, then the unloading-induced weakening
model of engineering rock mass is developed in FLAC3D
to simulate the stability of a deep stope. Through compar-
ison, it is verified that the unloading-induced weakening
model is much closer to the engineering practice.

(4) The simulation shows that due to the weak strength
of the filling body, the rock of the stope is squeezed into
the goaf under the action of stress, especially the roof and
floor will have a large deformation. Therefore, the sup-
port of roof should be strengthened in order to reduce
roof deformation or collapse. Furthermore, excavation
will cause the release of the original stress in surrounding
rock, and the maximum principal stress is always concen-
trated in the bottom and top corner of the stope. So, tar-
geted support measures should be taken for the corner area
when excavating the top and bottom stope.
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