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Abstract: Numerical simulation is a powerful method to study excavation-induced stress redistri-
bution in civil, mining, and underground geotechnical engineering. Also, the numerical simulation
method can be time-consuming, especially for large-size three-dimensional models. In the field
practice, underground tunnel excavation is proceeded meter by meter, while in the numerical sim-
ulation method analysis, it can speed up the excavation process. Furthermore, rational tunnel exca-
vation length in the numerical simulation can provide important references for the in-situ field ac-
tivities. In this paper, one hard rock underground mine is chosen for the study, and five different
excavation length scenarios are proposed and performed to study the effect of excavation length on
the stope stability in mining stopes in the numerical simulation method. Displacement, major prin-
cipal stress, and damage initiation of the stope sidewalls are chosen as the indicators for comparison
among the five different excavation scenarios. Also, the CPU time consumed for the simulation of
the excavation process is taken into consideration. Compared with the other four excavation scenar-
ios, scenario SCN#1 is more effective and efficient in numerical excavation simulation, especially for
the numerical modeling simulation of a large size underground mine.

Keywords: underground engineering; numerical simulation; excavation length effect, major princi-
pal stress; displacement; damage initiation; CPU time

1. Introduction

As underground mining works progress into deeper and more complex geological
environments, they are experiencing more significant stress-induced rock damage initia-
tion problems, which on occasion have seriously complicated effective and efficient min-
ing [1]. Most of the tunnels experience time-dependent convergence; to better understand
this behavior and deal with the possible rock mass damages during the excavation process
of tunnels, many researchers are actively addressing these issues using many methods,
such as analytical, empirical, and numerical methods. Barla et al. [2-4] proposed various
approaches for tunnel design by assessing the interaction between rock mass and struc-
tures in the short-term and long-term in a rock mass with time-dependent squeezing be-
havior. Rock mass squeezing phenomenon around the tunnels are widely studied by con-
sidering the various rates of advancing [5], analyzing the extension of microcrack length
and development of EDZ [6,7], time-dependent deformation, and elastoplastic behavior
[8], in the means of semi-empirical back-analyze approach [9], analytical solution [10], and
numerical model [5,6,9,11,12]. The interaction mechanism between the tunnel excavation
and tunnel stability is studied by analyzing the supports and reinforcements, model tests,
underground research laboratory measurement, and numerical simulation [13-16]. Kiel-
bassa [17] proposed a simplified two-steps plane model approach to determine the
stresses and deformations of circular and non-circular tunnels during the excavation pro-
cess. Gioda [18] discussed the linear and non-linear viscous constitutive laws and
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developed numerical methods to analyze the time-dependent effect on performance in
squeezing rocks.

In underground mining, stopes are excavated step by step and one by one. Usually,
researchers focus on only several stopes and develop simple models to study the excava-
tion-induced stress redistribution and displacement. For many cases, two-dimensional
(2D) models are used to assess the analysis quickly. However, all the stopes in under-
ground mining will be affected by the excavation of the adjacent stopes in three direc-
tions/dimensions, and then the 2D models cannot represent the real stress situation.
Therefore, understanding the three-dimensional (3D) redistribution of excavation-in-
duced stresses becomes essential given the adverse consequences such stresses will have
on the host rock strength and the subsequent excavation stability. Using a three-dimen-
sional finite element numerical model can better predict the near-field stress paths [19]
and potential rockburst during the excavation process [20,21].

Furthermore, predicting mining-induced surface subsidence [20], analyzing time-de-
pendent mechanical behavior of the Excavation Damage Zone (EDZ) [22], studying pore
pressure distributions [23], stresses and deformations in the lining during the shield-
driven tunnel excavation [15,23] can also be done using finite element modeling. To im-
prove the tunnel stability, Kaiser [1] provided an overall framework for assessing the sta-
bility of underground openings in hard rocks, regardless of whether the excavations are
required for mining, nuclear waste, or civil engineering applications. Langford [24] sug-
gested the guidelines to determine the excavation damage zones (EDZs) by discussing the
rock properties and analyzing the statistical distribution of the dimensions in the process
of underground excavation.

Researchers have done a lot to analyze the time-dependent convergence effect of the
tunnels, the mechanism between the tunnel excavation and tunnel stability, reinforcement
stability, et al. Though numerical modeling is powerful, sometimes it is time-consuming,
especially running a large size three-dimensional (3D) numerical model to analyze the
effect of the whole excavation process on the ground displacement and stress redistribu-
tion. Increasing the excavation length at each step can be an option to save time to run the
numerical modeling analysis. While, whether the extended excavation length causes the
same displacement and stress redistribution is rarely discussed. This paper proposes and
presents five different excavation scenarios with various excavation lengths at six differ-
ent mining levels to conduct this study.

2. Background and Methods

2.1 Numerical model configuration

For this study, a hard rock underground mine located in northern Canada was cho-
sen. The mine in this study was initially operated as an open-pit mine. Once the open-pit
mining was completed, the operation shifted to underground mining using the blasthole
stoping (BHS) mining method. Under the open pit, there is the mining pipe: MP#1. Com-
pared with the 2D numerical model, the 3D model can estimate the deformations of un-
derground openings, predict the mining-induced surface subsidence and potential rock-
burst, and explore the near-field stress paths during the excavation [19-22]. A full-size 3D
elastoplastic finite element numerical model was developed, and the model has a size of
1200m in length, 1200m in width, and 700m in depth. The mining depths of the six ana-
lyzed mining levels are: -210m, -240m, -270m, -300m, -330m, -360m, from mining level
L#501 to mining level L#506, respectively. This numerical simulation was conducted by
the codes of ABAQUS [25]. The Mohr-Coulomb failure criterion was applied since it was
accepted as the default criterion for rock mass in ABAQUS [25]. The boundary condition
is applied on the bottom of the model, and the top surface is set to be free, and on the four
vertical boundaries, horizontal restraints on both X and Y directions are applied. The ten-
node quadratic tetrahedron mesh type (ET: C3D10) [25] was used to achieve better min-
ing-induced redistributed stress and ground subsidence results. There are thirteen mining
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levels, and six of these are chosen as the analyzed levels for this study, as shown in Figure
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Figure 2.1. FE model of the mine site

2.2 Mechanics properties of materials

Table 1 shows the material properties used in the model [20,21,26,27]. The host rock
in the hard rock mine is granite. Here, y is the unit weight, C is the cohesive strength, ¢ is
the angle of friction, E is the elastic Young's modulus, v is the Poisson's ratio, and o« is the
uniaxial compressive strength (UCS).

Table 1. Material properties

Y C ¢ E v Oc

Rock M
OCk VASS  (MN/m?) (MPa) ©) (GPa) (MPa)
MP#1 0.024 42 264 18.7 0.26 66
Granite 0.026 93 45 24 03 130

2.3. Excavation scenarios

In this study, one stope, named #10, is chosen as the case study stope, as shown in
Figure 2.1. The size of this stope is 8m x 20m x 150m (widthxheightxlength). Five different
excavation length scenarios are proposed and conducted to complete this study. For the
excavation scenario, SCN#1 has only one part (P1), and this part is the whole #10 stope;
the excavation length is 150 m. Scenario SCN#2 has two equal parts, and each part is 75 m
long. Scenario SCN#3 has three equal parts, and each part is 50 m long. Finally, scenario
SCN#4 has four equal parts, and scenario SCN#5 has five equal parts, and each part is 37.5
m and 30 m long, respectively, as shown in the following Figure 2.2. During the simulation
of the excavation process, these parts will be excavated one by one.

_= >
/// ~ /
[\ SCN#1 SCN#2 SCN#3 SCN#4 SCN#5

Figure 2.2. Five excavation scenarios of stope #10

In all five excavation scenarios, the first simulation step, stepl (S1), is the geostatic
step to calculate the initial state of stress before excavation. For the excavation scenario,
SCN#1, the second simulation step, step2 (S2), is to excavate the entire stope. In excavation
scenario SCN#2, it takes two steps 52 and S3, with 52 excavating P1 and S3 excavating P2,
to complete the excavation of the stope. Following this logic, the excavation scenarios
SCN#3 and SCN#4 take four and five steps to excavate the stope, respectively. Finally,
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excavation scenario SCN#5 takes five equal steps, S2, S3, 54, S5, S6, to finish the excava-
tion. Table 2 presents the simulation scenario steps for excavation.

Table 2. Five different excavation scenarios

Scenario Part-1 Part-2 Part-3 Part-4 Part-5 Step
SCN#1 Y N N N N 2
SCN#2 Y Y N N N 3
SCN#3 Y Y Y N N 4
SCN#4 Y Y Y Y N 5
SCN#5 Y Y Y Y Y 6

Note: Here, Y stands for yes, N stands for no. Step stands for the steps needed to complete excava-
tion simulation

3. Excavation length effect on displacement

Displacement is a representative explicit and significant factor in indicating the rock
mass's damage in the stopes caused by the excavation process. In this paper, the displace-
ments of the two sidewalls of the excavated stopes are presented to investigate the effects
of the proposed five different excavation scenarios among the six different mining levels.
To present the results of the different excavation scenarios, the figures presented in the
following part of this paper have the same x-axial, from steps S1 to S6. In addition, the
final state of displacements caused by the five different excavation scenarios among the
six mining levels is also presented in the following figures in this part.

3.1. Displacement of a chosen point on the left sidewall of the stope

Figure 3.1.1 shows the displacement of the chosen point on the left sidewalls of the
stopes of both mining levels L#501 and L#502. Following the excavation process, from
excavation step S2 to step S6, the displacement increases constantly. For mining level
L#501, the final displacements are almost the same and are less than 6 mm for all the five
different excavation scenarios. However, the displacement presents a similar trend in
mining level L#502, while the final displacements are more extensive than that of L#501
mining level and are over 6 mm.
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Figure 3.1.1. Displacement of the left sidewall of #10 stope in level L#501 and L#502

Figure 3.1.2 shows the displacement of stope sidewalls in mining levels L#503 and

L#504. These two levels present almost the same change trend of displacement. However,
mining level L#503 has a less than 9 mm final displacement, while mining level L#504 has
an over 9 mm final displacement.
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Figure 3.1.2. Displacement of the left sidewall of #10 stope in level L#503 and L#504

Displacements of mining level L#505 and level L#506 present a whole similar trend.
While, for scenario SCN#4 at both level L#505 and level L#506, it shows a difference with
the trends presented in the other four mining levels, as shown in Figure 3.1.3. Both levels

have a final displacement of around 12 mm, larger than the displacement in the other four
mining levels.
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Figure 3.1.3. Displacement of the left sidewall of #10 stope in level L#505 and L#506

According to the above six figures, the displacements of the left sidewall of the stopes
at each mining level caused by the five different excavation scenarios have the same final
displacement value. With the increase of the mining depth, from mining level L#501 to
level L#506, the displacement constantly increases from around 6 mm to over 12 mm, a
double increase. From mining level L#501 to level L#506, the final excavation steps cause
no displacement increase for scenarios: SCN#3, SCN#4, and SCN#5.

3.2. Displacement of a chosen point on the right sidewall of the stope

Compared with the stope's left sidewall displacement, the stope's right sidewall sees
a smaller final displacement at both mining levels L#501 and L#502. The final displace-
ment of the right sidewall of level L#501 is less than 5mm, and the final displacement of
level L#502 is over 6 mm. Thus, the final displacement among the five excavation scenarios
at each mining level is almost the same, as shown in Figure 3.2.1.
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Figure 3.2.1. Displacement of the right sidewall of #10 stope in level L#501 and L#502

For mining level #503, the displacement of the right sidewall is almost the same as
that of the left sidewall, which is 8 mm. Similarly, the displacements of both sidewalls of
mining level L#504 are around 9.5 mm. Also, as shown in Figure 3.2.2, the displacement
trends are similar according to the process of excavation.
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Figure 3.2.2. Displacement of the right sidewall of #10 stope in level L#503 and L#504
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Figure 3.2.3 shows the displacement trends of the right sidewall of the stope of min-
ing level L#505 and L#506. The displacements are between 10 mm and 11 mm, and smaller
than that of the left sidewall. For excavation scenarios SCN#3 and SCN#5, there is a sig-
nificant increase during the excavation of steps S2/S3, respectively.
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Figure 3.2.3. Displacement of the right sidewall of #10 stope in level L#505 and L#506

According to the excavation-caused displacements of the two sidewalls of the stopes
presented in this section, the excavation processes cause almost the same displacement at
the monitored points at each mining level. Unlike SCN#1 and SCN#2, the last exaction
step in the other three excavation scenarios does not cause an increase in displacement.

4. Excavation length effect on principal stress

Stope excavation in underground engineering causes stress redistribution. The redis-
tributed stress may cause damage to the around rock mass in the stopes, even causes rock-
burst. The major principal stress contributes the primary factor resulting in the rock mass
damage. Then the significant principal stress can be listed as a critical factor in assessing
the rock mass's potential damage.

4.1. Major principal stress of chosen point on left sidewall of the stope

As presented in Figure 4.1.1, the major principal stress starts to change from the same
intact stress condition at geostatic step S1. After finishing the last excavation step, the ma-
jor principal stress trends reach almost the same finial stress condition, increasing and
decreasing during the excavation process. For mining level L#501, the final major princi-
pal stresses are less than 4 MPa for all five excavation scenarios. For mining level L#502,
the final major principal stresses are over 4 MPa among the five excavation scenarios.
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Figure 4.1.1. Major principal stress of left sidewall of #10 stope in level L#501 and L#502

Figure 4.1.2 shows the major principal stress changes of mining level L#503 and level
L#504, and the trends are similar. Starting from 8.5 MPa at step S1 and finishing at around
5 MPa, the major principal stress of mining level L#503 sees an average 38% decrease
among all the five excavation scenarios during the excavation process. For mining level
L#504, among the five excavation scenarios, the major principal stress has an almost same
percentage of stress decrease as mining level L#503, though it starts from over 9 MPa and
finishes at around 6 MPa.
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Figure 4.1.2. Major principal stress of left sidewall of #10 stope in level L#503 and L#504

With the mining level going deeper, the intact major principal stress increases. The
trends of the major principal stress of both mining level L#505 and level L#506 are similar.
Also, the final major principal stresses are very close to the completion of excavation. Un-
like the other four mining levels, at mining level L#505 and L#506, only scenario SCN#2
has a significant increase of the major principal stress during the excavation process of
step S2. The major principal stress has an average of 40% release after the excavation, as
shown in Figure 4.1.3.
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Figure 4.1.3. Major principal stress of left sidewall of #10 stope in level L#505 and L#506

As can be seen from the above three figures, the intact major principal stress condi-
tion at geostatic step S1 constantly increases with the increase of the depths of mining
levels. Therefore, with the increase of the depth of mining levels, scenario SCN#2 has a
gradually significant increase of the major principal stress during the excavation process
of step 52. In contrast, for excavation scenarios SCN#3, SCN#4, and SCN#5, the major prin-
cipal stresses only to witness a slight increase during the excavation process. Also, the
final major principal stresses are smaller than that of the intact stresses, which is suitable
proof of the stress release caused by the excavation process.

4.2. Major principal stress of chosen point on right sidewall of the stope

Similar to the displacement situation, the major principal stresses of the right side-
walls of the stopes are almost the same as the stresses of the left sidewalls at each mining
level. However, unlike the left sidewalls, the major principal stresses of the right sidewalls
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significantly increase during the excavation process for scenarios SCN#2 and SCN#4 of
mining level L#501 and level L#502, as shown in Figure 4.2.1 and Figure 4.1.1. Mining level
L#501 sees a 34% decrease from the intact stress to the finial stress during the excavation
steps, and mining level L#502 has an average 32% decrease of stress among the five sce-

narios.
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Figure 4.2.1. Major principal stress of right sidewall of #10 stope in level L#501 and L#502

Starting from around 9 MPa and ending at 5.5 MPa, the major principal stress of the
right sidewall in mining level L#503 has a 35% decrease. For mining level L#504, the major
principal stress has an average 33% decrease, from over 9 MPa to around 6.5 MPa. Also,
scenarios SCN#2 and SCN#4 significantly increase during the excavation process, as
shown in Figure 4.2.2.
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Figure 4.2.2. Major principal stress of right sidewall of #10 stope in level L#503 and L#504

Similar to the other four levels, the excavation scenarios SCN#2 and SCN#4 for min-
ing levels L#505 and level L#506 significantly increase major principal stress at the exca-
vation step 52/53, as shown in the following Figure 4.2.3. The intact major principal
stresses of both levels are close, and it is around 11 MPa. Mining level L#505 has an aver-
age 38% decrease of major principal stress from steps S1 to S6. Among the five excavation
scenarios, the stress decrease of mining level L#506 is about 41%, from 11.5 MPa to 6.7
MPa, from step S1 to S6.
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Figure 4.2.3. Major principal stress of right sidewall of #10 stope in level L#505 and L#506

The major principal stresses of the right sidewall at each mining level increase along
with the growing depth of mining levels, similar to the left sidewalls' major principal
stresses. While different with the left sidewall, all six mining levels significantly increase
stress in both scenarios, SCN#2 and SCN#4, caused by the excavation step 52/S3. Thus,
both sidewalls have almost intact and final major principal stresses among five excavation
scenarios at each level.

5. Excavation length effect on potential damage initiation (DI)

As Canadian hard-rock mines go deeper, they are experiencing more significant
stress-induced rock damage initiation problems, which on occasion have seriously com-
plicated effective and efficient mining. In underground engineering, excavation of stopes
will cause stress redistribution and damage initiation. To better assess the damages caused
by the redistributed stresses in the stope rock mass, Castro [28,29] proposed a rock mass
potential damage initiation (DI) index to assess the potential damage zones around the
excavation stope sections.

op1=(01-03)/0ci 1)

here, oo is the threshold stress for damage stress, o1 and o3 are the major and minor
principal stresses, respectively, o is the uniaxial compressive stress (UCS) of the intact
rock tested in the laboratory.

5.1. Rock mass damage initiation of a chosen point on the left sidewall of the stope

Figure 5.1.1 shows the rock mass damage initiation around the excavated stopes at
mining levels L#501 and L#502. The damage initiation (DI) presents a similar trend of the
major principal stress. According to the criteria proposed by Castro [28,29], when the
value of DI is less than 0.35, the redistributed stresses will cause no minor rock mass dam-
ages. Also, there is no potential for rock strain-bursting. As the levels getting close to the
ground surface, the excavation of the stopes only causes minor damages in the rock mass
around the stopes. As can be seen in Figure 5.1.1, the DI is very little value.
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Figure 5.1.1. DI of the left sidewall of #10 stope in level L#501 and L#502
With the increase of the mining depth, the DI grows up while it is still under 0.35.

Starting from a DI under 0.05 at step S1, and ending at over 0.1, at different mining levels
among the five excavation scenarios, the damages caused by the excavation in the rock
mass around the stopes in mining level L#503, L#504, L#505 and L#506 are still minor,

even the DI witnesses a double increase, as shown in Figure 5.1.2 and Figure 5.1.3.
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Figure 5.1.2. DI of the left sidewall of #10 stope in level L#503 and L#504

0.30 T 0.30 T
—s=— SCN#1 —s=— SCN#1
—e— SCN#2 —e— SCN#2

0.25f . scN#s 1 0257/ —~—scN#s 1
—v— SCN#4 —v— SCN#4

0.05]

0.00

2 5

3 4
Simulation Step (L#505)

3 g 5
Simulation Step (L#506)

Figure 5.1.3. DI of the left sidewall of #10 stope in level L#505 and L#506
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According to the above three figures, as the mining levels go deeper, the DI increases
constantly. While the excavation of the one single stope causes only minor damages to the
rock mass around the excavated stopes, even with different excavation scenarios and min-
ing levels.

5.2. Rock mass damage initiation of a chosen point on the right sidewall of the stope

Unlike the left sidewall, the DI of the suitable sidewalls of excavation scenarios
SCN#2 and SCN#4 significantly increased during the excavation of step S52/S3 at level
L#501 and level L#502, as shown in Figure 5.2.1. While for the other three excavation sce-
narios, SCN#1, SCN#3, and SCN#5, the changes of DI during the excavation steps are
small.
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Figure 5.2.1. DI of the right sidewall of #10 stope in level L#501 and L#502

Figure 5.2.2 and Figure 5.2.3 show the DI trend of stopes in mining level L#503, level
L#504, level L#505, and level L#506 during the excavation process from steps S1 to step S6.
Similar to situations in mining level L#501 and level L#502, the three excavation scenarios
SCN#1, SCN#3, and SCN#5 have a constant increase of the DI during the excavation pro-
cess, while excavation scenarios SCN#2 and SCN#4 have a significant increase during the
excavation of step S2/S3. Also, the DI starts from around 0.05, and it ends at over 0.1,
which may cause minor damages in the rock mass around the excavated stope sections.
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Figure 5.2.2. DI of right sidewall of #10 stope in level L#503 and L#504
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Figure 5.2.3. DI of the right sidewall of #10 stope in level L#505 and L#506

The redistributed stresses caused by the excavation process contribute almost the
same damage initiations in the rock mass of two sidewalls around the stopes at each min-
ing level. Thus, although the DI increases twice during the excavation process at both
sidewalls, the damages can be assessed on a minor scale.

6. Comparison of CPU time consumed among different excavation scenarios

For the numerical simulation method, the CPU time of running the analysis model
should be considered. The following Figure 6.1 shows the CPU time used to run the nu-
merical simulation excavation steps. These six different mining levels present a similar
trend of CPU time among the five different excavation scenarios. The CPU time constantly
increases from excavation scenario SCN#1 to SCN#5 at each mining level.
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2 —
= 90+t M
2 - —
o | ﬁ
O
°
o) L
2 60
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L#501 L#502 L#503 L#504 L#505 L#506
Mining levels

Figure 6.1. CPU time for different excavation scenarios of different mining level

At the same mining level, the CPU time used in excavation scenario SCN#5 is much
more than the CPU time used in excavation scenario SCN#1. At the excavation scenario
SCN#1, all the CPU times at six different levels are less than 40 hours, while at excavation
scenario SCN#5, the CPU time of mining level L#501 and mining level L#502 is more than
80 hours. The CPU time for mining level L#503, level L#504, level L#505, and level L#506
is over 100 hours among all five excavation scenarios. Figure 6.2 shows the times/multi-

ples of CPU time between excavation scenarios SCN#1 and SCN#5 at six different mining
levels.
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Figure 6.2. Comparison of CPU time for different excavation scenarios of different level

As shown in Figure 6.2, the CPU time used to run excavation scenario SCN#5 is about
three times the CPU time used to run excavation scenario SCN#1. All these values at all
the six different levels are approximately the same. In this case, excavation scenario SCN#1
is more efficient and effective than SCN#5, and it will save about 66% of the CPU time to
complete the numerical simulation.

7. Discussion

In the actual process of stope excavation at the case study mine, some significant fac-
tors affect the stope stability, such as (i) the blast vibration caused by the blasthole stoping
(BHS) mining method in the adjacent stopes, (ii) the immediately installed rock bolts and
metal mesh on the stope free surfaces, and (iii) the dynamic load caused by the transpor-
tation trucks and production miners. This paper presents the study based on an assump-
tion of the ideal mode of underground excavation scenarios; then, these influential factors
are minimized.

Considering the size of the analyzed #10 stope and the in-situ investigation, the mid-
dle of the sidewall-free surface had the maximum swellings. Then the monitoring points
were chosen from there. From the above analysis of the sidewall displacement, mining-
induced redistributed major principal stress, and the damage initiation (DI), excavation
scenario SCN#1 is the optimum among these proposed five different excavation scenarios
in numerical modeling analysis. Considering the final status of sidewall displacement,
major principal stress, and the sidewall damage initiation (DI), the excavation scenario
SCN#1 can be done in a shorter period compared with the other four excavation scenarios

As a critical factor in a numerical simulation study, the consumed CPU time to run
the numerical simulation process should be considered. Therefore, an excavation scenario
that considers simulation result accuracy and reasonable CPU time make the numerical
modeling more productive. As shown in Figure 6.1 and Figure 6.2, compared with the
other four excavation scenarios, excavation scenario SCN#1 takes the minimum consumed
CPU time to run the numerical simulation modeling analysis, and meanwhile, excavation
scenario SCN#1 achieves almost the same results in terms of the displacement, major prin-
cipal stress and damage initiation on the sidewall as the other four scenarios. Therefore,
compared with the other four excavation scenarios, SCN#1 better balances the simulation
results in accuracy and consumes CPU time, making it the optimum scenario among the
proposed five scenarios.

8. Conclusions
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Based on the above results and discussion about the displacement, excavation-in-
duced redistributed major principal stress, rock mass damage initiation (DI), and the CPU
time used for the numerical simulation among the five different excavation scenarios with
various excavation lengths at each level, the following conclusions can be achieved.

As for displacement of both the sidewalls around the excavated stopes, compared
with the other four excavation scenarios, excavation scenario SCN#1 results in almost the
same finial displacement as the other four excavation scenarios in each mining level, with
the increase of the mining depth, the same excavation scenario will cause more significant
finial displacement at both the sidewalls around the excavated stopes.

Excavation causes the initial stress field to redistribute, and the redistributed major
principal stress may cause the rock mass damage around the excavated stopes. Here, the
excavation plays a crucial role in the release of major principal stress at both sidewalls.
Also, the redistributed major principal stress grows with the mining levels going deeper,
corresponding to the displacement of the sidewalls. Excavation scenario SCN#1 results in
almost the same final major principal stress as the other four excavation scenarios from
step S1 to step S6.

As a key indicator to assess the potential rock mass damages, the damage initiation
(DI) is used here to assess the potential damages caused by the five different excavation
scenarios. Due to this mine site is a hard rock mine and the size of the single stope is small
compared with the large size model. Therefore, the excavation of the stope causes only
minor damages to the rock mass. The excavation scenario SCN#1 results in almost the
same results as the other four excavation scenarios.

Compared with the other four excavation scenarios, excavation scenario SCN#1 is
more time-efficient as well as reliable according to the fact that it can save about 66% of
the consumed CPU time and achieve almost the same final results in terms of displace-
ment, major principal stress, and potential rock mass damage initiation (DI).

The excavation scenario of SCN#1, which excavates the whole stope at one time, is
an effective and efficient simulation excavation scenario, especially for the research focus-
ing on the excavation-induced ground displacement and rock mass damages with a full
size three-dimensional (3D) numerical model.
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