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Te geological environment of the surrounding rock in deep underground engineering will become more and more complex, along
with the excavation depth continuously increasing. Under these conditions of high temperatures, high seepage, high geostress, and
strong excavation disturbance, the surrounding rock during underground engineering can experience obvious nonlinear de-
formation failure. In order to guarantee the construction, excavation, and operational safety of deep underground engineering, we
have to comprehensively study the failure characteristics and deformation characteristics of the surrounding rocks of the cavern. To
reveal the interaction between structures and the characteristics of overloading-induced damage and safety factor, a geomechanical
model test of an X-type cross cavern group was carried out during the excavation process and overloading process. Te engineering
background is the URL of HLW for the geological disposal in Beishan.Tis is the frst time that this type of geomechanical model test
is being carried out. Te law of displacement and stress change during the process of excavation and the law of deformation and the
failure of surrounding rock in the process of overload are obtained. Te test results show that the stress and displacement changes at
the intersection of the caverns are most signifcant after excavation.Te excavation’s impact range is approximately 1.5 to 2 times the
tunnel diameter. Under these test conditions, the safety coefcient of the crack initiation is 2.1, the safety coefcient of the local
destruction is 2.5, and the safety coefcient of the general demolition is 2.9.Tese test results provide technical support for the design
and construction of an URL for the deep buried geological disposal of HLW and have important practical signifcance.

1. Introduction

Te relatively shallow natural resources buried on Earth are
gradually disappearing due to economic development,
which has led to the growing demand for resources from
deep inside the Earth. Terefore, humans are constantly
exploring and developing deep into the Earth to meet their
demand for resources. In terms of resource and energy
development, at present, the maximum mining depth of oil
and gas resources has reached 7500m [1–6]. As the exca-
vation depth of underground caverns signifcantly increased,
the deformation and failure characteristics of deep rock
masses difer greatly from shallow rock masses, which fre-
quently produce many unpredictable conundrums, such as
zonal disintegration, large deformation, and rock bursts. So

as to ensure the construction, excavation, and operation
safety of deep underground laboratory, we have to com-
prehensively study the deformation characteristics and
failure mechanisms surrounding rock during underground
engineering.

Subject to the extremely harsh geological environment
and complex spatial structure of deep underground engi-
neering, traditional theoretical analysis methods often have
difculty dealing with these complex nonlinear deformation
and failure problems. Numerical calculation often has dif-
fculty simulating the process of surrounding rock mass
fracture, especially the safety simulation of the whole
structure is not perfect. Te implementation of feld tests is
also limited because of their high cost. In contrast, geo-
mechanical model tests, with their visual, intuitive, and
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real-world characteristics, have become a primary method to
research the failure and deformation of deep underground
engineering [7]. Te geomechanical model testing is the
method to study specifc engineering problems after re-
ducing scale according to certain similarity principles [8].
Geomechanical models are representations of real-world
physical entities. Under the condition that the similarity
principle is basically satisfed, this method is able to correctly
refect the spatial relations between geology and engineering,
correctly simulate the process of construction of un-
derground engineering, and master the mechanical de-
formation characteristics of rock and soil media at the same
time. Tis test can refect the whole process of rock stress
during underground engineering, from elasticity, to a plastic
shape, to the fnal failure. Tis method is able to provide
a foundation for the establishment of novel theoretical and
mathematical models. Terefore, the geomechanical model
test is able to determine the ultimate loading and failure
form of the engineering and verify and supplement the
numerical calculation results. Because of the above unique
advantages of the geomechanical model test, this test has
been widely valued and applied in geotechnical engineering
both at home and abroad [9–13].

So far, signifcant results have been achieved in geo-
mechanical model tests. For instance, Zhu et al. [14] and Bao
et al. [15], respectively, developed diferent model testing
systems and both innovated and improved testing tech-
niques. Jiang et al. [16] exhibited the general demolition
process of twin tunnels by a physical simulation based on the
3D printing (3DP) sandstone analogue model and presented
a safety factor method for evaluating the general safety of
multi-tunnel structure. Hu et al. [17] carried out the pipe-
roofng method, while Shin et al. [18] validated the ratio-
nality of the umbrella arch method construction using
model testing methods. Liu et al. [19] designed and de-
veloped a device to realize full section and bench method
automatic excavation. Zhang et al. [20] and Zhu et al. [21]
invented a multi-point displacement meter to measure the
displacement changes of surrounding rock in model ex-
periments. Wang et al. [22] applied acoustic emission to
model testing to study the failure law of surrounding rock.

Tese applications prove the importance of the suc-
cessful application of a geomechanical model test in un-
derground engineering. Despite all these, some unresolved
shortcomings of geomechanical model testing still limit its
application in deep underground engineering. Te previous
tests were mostly planar or quasi-three-dimensional, which
cannot refect the actual state of the ground stress. Fur-
thermore, most of the previous tests simulated a single
chamber, not a complex chamber group. Moreover, most of
the excavation methods in the test use manual drilling with
low accuracy.

In this paper, a geomechanical model test on an X-type
cavern group composed of two intersecting horizontal
tunnels with three-core arches was carried out, using the
URL for the deep buried geological disposal of HLW in the
Beishan area, China, as a prototype. We evaluate the
overall stability and inter-chamber interaction of the
cavern group during construction and excavation. In

addition, we use an overload test to estimate the over-
loading damage characteristics and overall safety factors of
the whole system. We then prove the validity of the
designed plan and ofer technical support for the design
and construction of the URL for the deep buried geological
disposal of HLW.

2. Geomechanical Model Test of the
Excavation Process

2.1. Project Overview. Nuclear waste, or radioactive waste,
can be divided into low-level radioactive waste, medium-
level radioactive waste, and high-level radioactive waste
(HLW) based on radioactivity level. At present, there are
many mature technologies for the fnal secure disposal of
low-level and medium-level radioactive waste. However,
the safe disposal of HLW is a worldwide problem because it
contains highly toxic radionuclides with long half-lives.
After decades of research and practice, the currently ac-
cepted viable option to securely dispose HLW is deep
geological disposal. Using this method, high-level radio-
active waste is buried deeply in a geological body about
1000meters from the surface of the Earth, thereby per-
manently isolating it from the human living environment
[23, 24]. Underground projects for the burial of HLW are
known as geological repositories. Since the waste in
a geological repository is highly toxic and has a long half-
life, it is required that the life of the geological repository
should be at least 1× 104 a. Tis requirement is not present
in any other project. Furthermore, the entire disposal
process is unprecedented. Existing projects are unable to
provide suitable engineering experience. Terefore, most
countries believe that the underground laboratories must
be built frst before the whole project can be implemented,
providing necessary technical support and practical ex-
perience through on-site experiments and research. Tis
research facility is known as the URL for the disposal
of HLW.

MoEP (the Ministry of Environment Protection) and
CAEA (China Atomic Energy Authority) ultimately selected
the Xinchang site as the frst geological disposal site for deep
burial of HLW in China [25, 26], which is located in the
middle of the Beishan area in Gansu Province, about
135 kilometers from Jiayuguan City (see Figure 1).

Te terrain of this area is mainly characterized by
scattered low hills, whose average altitude is approximately
1700m. Te terrain fuctuation does not change much,
generally not exceeding 30m. More specifcally, the Beishan
URL is built within a block of granite body of the Xinchang
site, which is 22 kilometers long and 7 kilometers wide. Te
main rock types in this area are granodiorite and mon-
zogranite. Te bedrock structure is complete and the
groundwater is poor. Te initial stress function of the
proposed feld is as follows:

σH � 0.0305H (MPa),

σh � 0.0208H (MPa),

σv � 0.0268H (MPa)

⎫⎪⎪⎬

⎪⎪⎭
, (1)
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where H is the buried depth of the chamber (m) and σH, σh,
and σV represent the maximum and minimum horizontal
principal stresses and vertical stresses, respectively.

In the preliminary design of the Beishan underground
laboratory (see Figure 2(a)), the overall structure of the labo-
ratory included a transportation ramp, three potholes (two for
ventilation and one for personnel lift), and two horizontal test
areas for in situ experiments. Te buried depth of the main
horizontal test area is −560m, while the auxiliary horizontal test
area is −240m. In the design process, considering the conve-
nience of transportation, the junction between the trans-
portation ramp and the main roadway was designed as an X-
type intersection (see Figure 2(b)). To study the reliability of the
modifed design scheme, the interactions between X-type cross
chambers, and the overload safety factor, we selected a main
roadway with a depth of −560m and the drift with a depth of
−560m as the research objects. Te area is 125m× 125m
× 100m (length× height×width), including a three-core
arched main roadway (cross section size of 8× 7.67m) and
a three-core arched drift (cross section size of 8× 7.67m).

2.2. Model Test System. In order to investigate whether the
initial geostress state of the model body matches the actual
state of the prototype accurately, we developed a true triaxial
ultra-high-pressure loading system (see Figure 3).

Te main technical advantages of the test system are as
follows.①Te maximum load is 45,000 kN, whose loading
accuracy is 1.5% F.S. ② Te external dimension of the
reaction force device is 5.05× 4.85× 3.6m, and the model
body size is 2.5× 2.5× 2m. ③ It realizes the visualization,
intelligentization, and digitization of the displacement
measurements and loading/unloading.

2.3. SimilarConditions. Once similar conditions are satisfed,
the geomechanical model test can truly simulate the entire
construction process [8]. Based on the laws of similarity, the
following relationships should also be satisfed [27–29]:

Cσ � CcCL,

Cδ � CεCL,

Cσ � CεCE,

Cε � Cf � Cφ � Cμ � 1,

(2)

where C represents the similarity coefcient of diferent
physical quantities and subscripts represent diferent
physical quantities, respectively.

We selected CL to be 50 based on the range of the project
and the scale of the test system.Te total size of themodel body
is 2500mm× 2500mm× 2000mm (length× height×width)

Granite

1 – Jiujing sub-area; 2 – Xinchang sub-area; 3 – Yemaquan sub-area; 4 – Shazaoyuan sub-area; 5 – Suanjingzi sub-area

Railway Road Sub-area

Figure 1: Geographical location of the Beishan area (from [25]).
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accordingly, which consists of the main roadway and the drift
(see Figure 4).

2.4. Analogue Material. Te mechanical and physical pa-
rameters of the original rocks measured by the experiments
are shown in Table 1. According to the similarity principle
[8], we have determined CL � 50 and Cc � 1, so the theo-
retical values of the similar materials can be calculated (see
Table 1).

Many scholars [30–32] have researched massive ana-
logue materials of the model tests. Tese researchers have
developed a variety of analogue materials with diferent
properties by using diferent raw materials for matching.
Each material has its own advantages and disadvantages. In
this study, the analogue material we used has obtained

a Chinese invention patent [33]. Based on the theoretical
value of the analogue material in Table 1, we conducted
a uniaxial compression test, a Brazilian splitting test, a direct
shear test, and a triaxial compression test by adjusting the
proportions of the components of IBSCM. An orthogonal
test was carried out to obtain amixed proportion of analogue
materials (see Table 2), and the measured values of the
mechanical parameters satisfy similar conditions (see
Table 1).

2.5. Test Model Construction. Te test model was con-
structed by the layered compaction and air drying process,
which has been patented in China [34]. Te basic process is
as follows (see Figure 5):① according to the mix proportion
obtained in Table 2, weigh each component and confgure
the alcohol rosin solution; ② pour the weighed aggregate
(iron powder, quartz sand, and barite powder) into the
blender and stir well;③ add the alcohol rosin solution and
mix well after the aggregate is stirred evenly; ④ pour the
mixed material into the reaction force device and spread the
material in layers from the bottom to the top; ⑤ compact
each layer of material at a fxed pressure via the loading
system of the test system and then dry it with a high-powered
fan;⑥ install the measurement elements around the cavern
according to the design elevation; and⑦ repeat steps①∼⑥
until the model is complete.

Figure 6 shows the positions of the monitoring sensors.
All monitoring sensors are installed at the key parts in six
monitoring sections.

2.6. Excavation Method. After the model was complete, the
nonuniform distribution diagram of the initial in situ stress
gradient of the model was calculated from equation (1) and
similar conditions (see Figure 7).

We then carried out true 3D loading on the model
boundary using the experimental system until the re-
quirements of Figure 7 were met. After the loading was
completed, the boundary load was kept constant, and the
pressure was stabilized for 24 hours. We kept the pressure
constant and excavated the cavern group according to the
actual excavation steps.Te control parameters of the cavern
group’s excavation are as follows.

Both the main roadway and drift were excavated by our
self-developed micro-TBM excavation device (see Figure 8).
Firstly, the excavation device was located and fxed on the
reaction force device of the test system with the assistance of
the total station. Ten, the caverns were precisely excavated
according to the sequence of the main roadway frst and the
drift second. After each excavation step was completed, we
waited for 10–15minutes, and the data were recorded in real
time. Ten, the next excavation was conducted until all
caverns were excavated.

2.7. Test Result. After the excavation was completed, the
intersecting position of the cavern was accurate, the wall was
smooth, and the size of the excavation chamber was con-
sistent with the design scheme (see Figure 9).

Shaf

(a)

(b)

-560 m

X-shaped
Intersection

Main
Roadway

σ3σ3

σ 1
σ 1

Drif

Ramp

Figure 2: Preliminary design scheme of underground laboratory
structure (modifed from [25]).

Figure 3: Tree-dimensional geomechanical model test system: (1)
reaction force device; (2) ground stress simulation system; (3)
displacement monitoring system; (4) reaction force device; (5)
micro-TBM excavation device.
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We convert all the measured data to the values of the
prototype according to the similarity criteria for easy
analysis and understanding.

Te displacement changes linearly with the excavation
process. It is obvious that when the excavation face reaches
a certainmonitoring section, the displacement of this section
changes suddenly.Te excavation face continues to advance,
and the displacement gradually tends to be stable (see
Figure 10).

During the excavation process, there is an obvious law of
meeting infuence between adjacent chambers. Te exca-
vation of the drift will lead to the sudden change of the rock
displacement around the main roadway. Accordingly, the
excavation of the main roadway will also lead to the sudden
change of the rock displacement around the drift.

Te closer the surrounding rock around the chamber is
to the chamber wall, the greater the displacement change is,
which is basically called the law of linear growth. Te dis-
placement of surrounding rock at nonintersection is less
than that at intersection, and the reduction range is about
30%. Te maximum displacement in the model appears at
the vault position at the intersection of two chambers.
Trough the observation of displacement changes, it can be
found that the infuence range of excavation disturbance at
the waist of the chamber is about 1.5 times the chamber
span, while the infuence range of excavation at the vault can
reach about 2.0 times the chamber height (see Figure 11).

Te farther the surrounding rock around the chamber is
from the chamber wall, the smaller the value of radial stress
release is, and correspondingly, the smaller the value of
tangential stress increase is. No tensile stress was detected in
the surrounding rock of the model, and the surrounding
rock of the cave was in a state of compression. Also, the
maximum stress detected is only 38.89MPa, which is far less
than the compressive strength of rock, and all surrounding

rocks are in a stable state. It is found that the infuence range
of the excavation disturbance of the chamber is about twice
the span of the chamber (see Figure 12).

3. Geomechanical Model Test of the
Overloading Process

To further assess the overall safety factors of the URL, we
carried out overloading tests on the model after excavation.
Te methods of the overloading model test are as follows.
① After the model test of the excavation process is

completed, the gravity stress and tectonic stress are increased
step by step, and the increase of each step is 0.1 times that of
the initial ground stress. ② After the overloading of each
step is applied, the pressure is stabilized for at least half an
hour. Te test data are recorded after stabilization. Mean-
while, the failure process of surrounding rock is noticed
synchronously by the HD camera placed in the cavern. ③
Te overloading process is carried out step by step until the
chamber group noticeably collapses.

Four HD cameras were installed in the excavated cav-
erns, the specifc positions of which are shown in Figure 13.

3.1. Destruction Phenomena and Fracturing Patterns.
Under 1.1–1.7 times overloading, all the interior parts of the
cave, including the junction, remain intact, and the sur-
rounding rock does not show any cracks or cracking
damage, indicating that the cavern group as a whole remains
in a stable state under an overloaded state of 1.1∼1.7 times
(see Figure 14).

As the overloading continues to increase, when it
reaches 1.8 times, visible micro-cracks begin to appear at
the intersection of the caverns (see Figure 15). For in-
stance, micro-cracks occur at the waist of the cavern
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Figure 4: Structure and size of the test model (all length units in the fgure are mm).
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intersection. When the overloading multiple continues to
increase to 2.1, obvious cracks appear in some positions.
For instance, cracks appear at the vault of the cavern at the
intersection.

Under the action of 2.2–2.5 times overload, the micro-
cracks in the cavern began to expand gradually. With
a continuous increase of the loading, the cracks in the in-
terior of the cavern gradually become wider and longer,
which leads to compression shear failure or tension shear
failure in the surrounding rock (see Figure 16). Te specifc
performance is as follows. Continuous spalling and roof
collapses occur at the intersection; the cracks in the main
roadway vault gradually expand, forming a longitudinal
crack with a width of about 1–2mm, and roof collapse
occurs.

Under the action of 2.6–2.9 times overload, obvious
damage began to appear in all parts of the cavern group (see
Figure 17). We can observe that the cracks in the rock of the
vault at the junction are continuously expanding and
penetrating, so roof collapse and spalling of large blocks
occur, and the side walls on both sides are obviously con-
tracted and deformed inward. Te cracks in the main
roadway vault then continue to expand, and serious roof
collapses occur. Te destruction of the acute part of the
intersection is more serious than that of the obtuse part.

3.2. Overloading-Induced Deformation. Under the action of
1.1–1.7 times overload, all the displacement of the cavern
group measured increases compared with that before the

Table 2: Te proportion of each material.

Component Rosin Alcohol Quartz sand Barite powder Iron powder
Ratio to the total weight of materials (%) 4.9 1.1 13.8 24.9 55.3

(a) (b)

(c) (d)

(e) (f )

Figure 5: Model construction process: (a) mix material; (b) pour in the reaction force device; (c) compact materials; (d) air-dry with large
fans; (e) install pressure cell; (f ) install displacement measurement point.
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overload, but the overall trend of the displacement change
curve remains stable, and the change value of displacement
still does not exceed millimeter magnitude (see Figure 18).
Te max change value of displacement still occurs at the
point nearest to the cavern wall (see curve 1.7P in Figure 19).

Among them, the displacement of the vault at the in-
tersection is the largest, which is about 6mm. From the
displacement curve and the video observation in the cavern,
it can be seen that the chamber group still remains stable at
1.1–1.7 times overload.

Pressure cell
Strain gauge
Displacement sensor

80
0

16
0

10
40

1472 209 820

Figure 6: Design drawing of the monitoring sensor positions.

σg1=0.321

σtop=0.271

σbottom=0.338

σg2=0.345

σg3=0.372

(a)

σbottom=0.338

σtop=0.271

σg4=0.219

σg5=0.237

σg6=0.254

(b)

Figure 7: Initial in situ stress distribution of the model. (a) Orientation of major principal stress. (b) Orientation of minor principal stress
(the unit of stress is MPa).
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Under 1.8–2.1 times overload, the displacement varia-
tion continues to increase, and the further it is to the wall, the
smaller the displacement increment is (see curve 2.1P in
Figure 19). Te displacement of the vault at the intersection
is the largest, which is about 59mm. In general, the slope of
the overall displacement curve of the cavern group began to
increase gradually at this stage. Combined with the video
observation results, under 1.8–2.1 times overload, the cavern
group still remains basically stable, except for local cracks
and slag falling.

Under 2.1–2.5 times overload, the curve of the dis-
placement overload increases sharply, both the change rate
and the absolute value of displacement increase signifcantly,

and there is a sudden change phenomenon (see curve 2.5P in
Figure 19). For instance, the maximum displacement in-
crement of the vault at the intersection reaches 83.25mm.
Comparing image data, we can observe that under 2.5 times
overload, the cavern group enters the stage of local damage.

Under 2.6–2.9 times overload, the change slope of the
displacement of all parts around the cavern increases rapidly
(see curve 2.9P in Figure 19), and with a large-scale sudden
change, the displacement of all parts around the cavern
cannot remain stable and increases rapidly; in the vault
section, where the main roadway and the drift cross, the
maximum displacement increment reaches 123.25mm.
Combined with the video observation, it can be seen that

Figure 8: Photos of the micro-TBM excavation device.

Main roadway

(a)

Drift

(b)

Main roadway

Drift

(c)

Drift

Main roadway

(d)

Figure 9: Pictures of the chamber group after excavation: (a) main roadway; (b) drift; (c) the intersection of the main roadway and drift; (d)
the intersection of the drift and main roadway.
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under 2.9 times overload, the chamber group enters the stage
of general demolition.

In summary, there is a nonlinear growth relationship
between the overloading and the monitored deformation of
tunnel. For example, when the overloading is small, the rate
of deformation change is small, and as the overloading
increases, the rate of deformation change gradually in-
creases until a sudden change occurs, causing damage to
the tunnel.

4. Discussion

In this study, we found that the infuence range of excavation
is about 1.5–2.0 times the diameter of the cavern. Tis range
is basically consistent with the results of other engineering
cases [35, 36]. At the same time, other scholars conducted
some feld tests in Beishan area, and the test results indicated
that the excavation disturbed zone is about 1.5 times the
cavern’s span [37–42].
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Figure 10:Te time history of displacements during the excavation: (a) main roadway in section I; (b) main roadway in section I; (c) drift in
section II; (d) drift in section II.
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Figure 11: Variation of the displacement of chambers: (a) main roadway in section I; (b) drift in section II.
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Figure 12: Variation of the stress of chambers: (a) main roadway in section I; (b) drift in section II.
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We found the overloading safety factor of X-type cross
chamber group. Under 1.1–1.7 times overload, there were no
visible cracks in any parts of the chamber group, and the
chamber group remained stable. Under 1.8–2.1 times
overload, there were micro-cracks visible at the intersection
of the caverns; the displacement of the surrounding rock
increased gradually at frst (remaining minimal), and the
chamber group still remained stable. Under 2.5 times
overload, the displacement began to increase sharply, both
the change rate and the absolute value of displacement
increase signifcantly, there is a sudden change

phenomenon, and the chamber group entered local de-
struction. Under 2.9 times overload, the displacement of all
parts around the tunnel could not remain stable and in-
creased rapidly. Te chamber group entered the stage of
general demolition. It can be determined that under these
experimental conditions, the safety coefcient of crack
initiation is 2.1; the safety coefcient of local destruction is
2.5; and the safety coefcient of general demolition is 2.9.

However, in fact, there are still some diferences between
the overload safety factor and the actual safety factor, which
is also one of our follow-up research contents. We will
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Figure 15: Photos of the caverns under the overloading of 2.1P: (a) from camera 1; (b) from camera 2; (c) from camera 3; (d) from camera 4.
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Figure 16: Photos of the caverns under the overloading of 2.5P: (a) from camera 1; (b) from camera 2; (c) from camera 3; (d) from camera 4.
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Figure 17: Photos of the caverns under the overloading of 2.9P: (a) from camera 1; (b) from camera 2; (c) from camera 3; (d) from camera 4.
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Figure 18: Continued.
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further discuss the safety factor of caverns through nu-
merical simulation methods such as the strength reduction
method.

5. Conclusion

We carried out a geomechanical model test on an X-type
cavern group composed of two intersecting horizontal
tunnels with three-core arches. Our conclusions are as
follows:

(1) After excavation, the closer the surrounding rock
around the chamber is to the chamber wall, the
greater the displacement change is, which is basically
called the law of linear growth. Te maximum dis-
placement in the model appears at the vault position
at the intersection of two chambers.

(2) Under these experimental conditions, the safety
coefcient of initiation is 2.1, the safety coefcient of
local destruction is 2.5, and the safety coefcient of
general demolition is 2.9.

(3) Te destruction of the acute part of the intersection is
more serious than that of the obtuse part. Te design
scheme should be further optimized, and the X-type
intersection should be changed into the scheme of
vertical intersection.

(4) So as to ensure the safety of project and operation, it
is suggested to focus on monitoring the intersection
and to consider whether to add support according to
the monitoring results.

Tese test results provide technical support for the de-
sign and building of an URL for the deep buried geological
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Figure 18:Te time history of displacements of overload time: (a) main roadway in section I; (b) drift in section II; (c) the intersection vault
in section VII.
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Figure 19: Te spatial variation in the displacements in the stage of overloading: (a) main roadway in section I; (b) drift in section II.
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disposal of HLW and thus have important practical
signifcance.
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