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Yuanjue Cave is the core exquisite cultural relic of the Dazu Stone Carvings World Cultural Heritage Site. For hundreds of years,
with the continuous effect of natural forces and the erosion of various deterioration factors, the sidewall and roof rock mass of
Yuanjue Cave were eroded, some parts of supporting rock mass were fragmented, and the boundary conditions of the rock mass
have deteriorated, which have seriously endangered the Yuanjue Cave; once the roof collapses, the national treasure in the cave
will be destroyed. In order to preevaluate the stability characteristics of the Yuanjue Cave rock mass and provide key parameters
for the preventive protection of the Yuanjue Cave, this paper firstly established a refined database of key parameters of Yuanjue
Cave and adjacent areas (geometry, geology, physical properties) based on three-dimensional laser point cloud scanning, a fine
survey of adjacent areas, engineering geophysical prospecting, and indoor multifactor coupling tests. +en, based on FLAC3D
finite difference numerical simulation technology, an accurate three-dimensional numerical calculation model of Yuanjue Cave
was constructed. Finally, the model was used to analyze the roof stability of Yuanjue Cavern, revealing the deformation laws of the
Yuanjue Cave roof under static load conditions, and the numerical calculation results were compared with the on-site measured
results, verifying the feasibility of the high-precision modeling method, and the reliability of the numerical calculation results
provided a reference for the preventive protection of the cultural relics of the cave temple.

1. Introduction

Most of the stone carvings of the cave temple are attached to
the mountain. Cultural relics are directly carved on the cliff
wall and connected with the mountain. Stone materials are
the main material carriers of the cave temple cultural relics,
which can be used as the artistic carrier of carving and
painting and also as the carrier of the cave temple structures
and buildings. +e historical value and artistic value of
cultural relics reside in the stone material carrier. Due to
factors such as the diversity of material carriers, the com-
plexity of the environment, and the changes in society, the
preservation of the cultural relics of the cave temple has also
been threatened to varying degrees [1].

In addition to the common problems of stone cultural
relics such as sun and rain, mold growth, and surface

weathering, the cultural relics of cave temples also face
natural hazards such as cliff cracks, mountain collapse, water
penetration, and tree rhizome splitting [2–6]. According to
the results caused by the pathogenic factors, it can be divided
into two categories: “stability of the surrounding rock of the
grotto” and “repair and protection of the stone carvings” [7].

+e issue of stability is the basis of the preventive
protection of grotto cultural relics and determines the
continuation of the value of grotto cultural relics and the
inheritance of culture [8, 9]. +ere are a large number of
grottoes and cliff sculptures in the Sichuan–Chongqing area
of China.+emost influential one is the Dazu Rock Carvings
in Chongqing. Located in the northwest of Chongqing, Dazu
Rock Carvings were excavated in the Tang Dynasty and
flourished in the Song Dynasty. +ere are more than 50,000
statues and 100,000 inscriptions. +ey were included in the
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“World Natural and Cultural Heritage List” in 1999.
Yuanjue Cave is the core cultural relic of Dazu Rock
Carvings, the internal sculpture of Yuanjue Cave is shown in
Figure 1. It has a status and function that cannot be ignored
in the history of Chinese grotto construction, carving art,
and religious culture [10, 11].

Yuanjue Cave is located in a typical red sandstone en-
vironment in the Sichuan Basin, which is reddish-brown due
to rich oxides. +is kind of stone is delicate and low in
strength and is widely used for carving. +e Sichuan Basin is
wet and rainy, and the red sandstone has strong water
absorption, which is easy to breed various biological and
physical diseases. For thousands of years, under the action of
long-term natural forces and human factors, a series of
stability problems have appeared on the roof of Yuanjue
Cave: serious denudation of sidewall rock mass, fracture of
supporting rock mass, deterioration of rock mass boundary
conditions, and other serious threats to the Yuanjue Cave.
+e security of the cave is an objective phenomenon and has
accelerated in recent years. Once the roof collapses, the
national treasure in the cave will be destroyed.+erefore, the
stability evaluation of Yuanjue Cave is urgently needed.

As an important rock mass stability evaluation method,
numerical simulation technology has been widely used in
mining engineering, water conservancy and hydropower
engineering, and geotechnical engineering and has suc-
cessfully solved many major engineering problems. +is
article uses FLAC3D software to evaluate the stability of
Yuanjue Cave, and high-precision modeling is the basis of
simulation evaluation. 3D geotechnical analysis software
usually has disadvantages such as heavy workload and
difficulty in depicting the structure of geological bodies,
especially in complex processing. In the case of geological
bodies, a lot of time is spent on preliminary modeling, which
hinders its development and application in related fields
[12–16].

3D laser scanning technology can realize the fine data
collection of complex 3D geological bodies and assist in the
rapid construction of numerical models. As an emerging
surveying and mapping method, 3D laser scanning tech-
nology has shown strong technical advantages in many
engineering applications and obtained a large number of
research results [17–23]. For example, Dong et al. [24]
believed that the emergence of 3D laser scanning technology
is another technological revolution in the field of surveying
and mapping after GPS technology; Chu et al. [25] sys-
tematically analyzed the technical advantages of 3D laser
scanning technology in landslide, collapse investigation and
monitoring, and limitations. Chen et al. [26] introduced the
principle of the 3D laser scanning system, the causes of
errors, and the data processing methods in foundation pit
monitoring and discussed the application of this technology
in foundation pit deformation monitoring. Wang et al. [27]
proposed an earth-rock dam deformation monitoring
method based on 3D laser scanning technology. Ge et al. [28]
used 3D laser scanning technology to obtain point cloud
data of rock mass outcrops. You et al. [29] based on 3D laser
scanning technology used the dolomite structural plane of
the reservoir in Guizhou Province as the research object, and

the anisotropy of the fractal dimension of the structural
plane is studied. Shi et al. [30] took Yungang No. 11 Grotto
as the research object and used 3D laser scanning technology
to quickly obtain point cloud data on the surface of the
grotto and constructed the FLAC3D numerical calculation
model of the grotto. Liu et al. [31] used 3D laser scanning
technology to obtain rock mass high-precision point cloud
data on the surface and the information of the rock mass
fracture network. Liu et al. [32] used the 3D laser scanning
technology of the empty area to complete the stability
calculation of the underground empty area of the SAN
Daochuang Open-Pit Mine. In short, three-dimensional
laser scanning technology has been applied in engineering
survey, surveying and mapping, deformation monitoring,
rock mass structure surface statistics, dangerous rock mass
survey, and so forth. It is in the rapid development stage, but
the application of this technology is relatively shallow, and in
the field of cultural relics protection is still little research.

In view of this, based on the results of the preliminary
protection of the roof of Yuanjue cave, the author first
adopted three-dimensional laser point cloud scanning, re-
fined survey of adjacent areas, engineering geophysical
exploration, and indoor multifactor coupling experiments,
and other methods to obtain a refined database of key pa-
rameters of Yuanjue cave and adjacent areas; then, based on
FLAC3D finite difference numerical simulation technology,
an accurate three-dimensional numerical calculation model
of Yuanjue cave was constructed; finally, the model was used
to analyze the deformation law of roof rock mass in Yuanjue
cave and provide a reference for the preventive protection of
the cave temple cultural relics.

2. Spatial Characteristics and Roof Support
Conditions of Yuanjue Cave

2.1. Geometrical Space Characteristics of Yuanjue Cave.
According to the investigation, the orientation of the
grottoes in Yuanjue Cave is NE∠44°, and the shape of the
internal space is nearly regular hexahedron. +e entrance
tunnel is about 6.5m long, the maximum height in the cave
is 6.02m, the width is 9.55m, and the depth is 12.13m
(Figure 2). In order to further reveal the variation law of the
space inside the Yuanjue Cave and the thickness of the roof
rock mass, profile geological sketch maps are made along the
direction and transverse direction of the Yuanjue Cave to
analyze the geometric dimension characteristics of the inside
and roof of the cave.

+e structural characteristics of the current roof thick-
ness of Yuanjue Cave are as follows:

(1) +e surface layer of Yuanjue Cave is covered with a
concrete protective layer, and the transparent hole
extends to the wall. +e rock at the light-transmis-
sion hole extends about 1m outside the body, and
the stress conforms to the stress characteristics of the
cantilever beam.

(2) +e wall roof thickness is 1.7m and span 3.55m. In
the vertical section direction of A-A, the thickness
of the top plate gradually thickens from the front
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light-passing hole to the back chamber, reaching
about 2.34m thick at the middle top plate step
(Figure 3).

(3) +e thickness of the roof near the rear chamber is
about 2.6−3.37m, and the span is 9.04mm. In the
cross-sectional direction of B-B, the thickness of the
top plate is not much different; generally, the dif-
ference is 0.1m, and the maximum difference is
about 0.3m (Figure 4).

2.2. Roof Support Conditions of Yuanjue Cave. +e roof rock
mass of Yuanjue Cave was hollowed out at the lower part
during the excavation of the cave. Due to J10 fissure cutting
and water flow erosion on the east side, the support area on
the east side will not be able to support the upper rock mass
as the cave is excavated. +e ancients skillfully solved this
problem by filling the rock with strips. +e same design also
appeared on the west side of the light hole. With the gradual
deepening of the investigation work, through the investi-
gation of the supporting situation of the roof and the
preservation status of the supporting body, it is found that
the boundary length of the roof supported by the original
rock in Yuanjue Cave is less than half of the whole boundary,
as shown in Figure 5. On the one hand, the stone boundary
can play a supporting role in the early stage of support and
protect the long-term stability of Yuanjue Cave. On the other
hand, due to the restriction of ancient scientific and tech-
nological level, the strip stone after construction is mainly in
point contact or line contact with the roof. With the long-
term deterioration of the strip stone over a span of hundreds

of years by the deterioration factor, cracks develop at the
filling strip stone on the east side of the light-transmitting
hole, with local fragmentation damage, and the failure mode
is mainly compression shear damage.

3. Geological andLithological Characteristics of
Yuanjue Cave

Yuanjue Cave is located on the cliff near the vertical face of
the south cliff of the gulch in Giant Buddha Bay. +e gulch
runs near EW direction and is formed by erosion from east
to west. +e overall shape is “U”, with a length of about
340m and a width of about 90m. +e bottom elevation of
the valley is about 462–473m m. +e height of the cliff is
generally greater than 6m.

+e surrounding rock strata of Yuanjue Cave are all
typical red bed sandstones in Sichuan Basin, which belong to
the fluvial and lacustrine sedimentary environment. +e
strata are mainly composed of horizontal fine-grained
sandstones and mudstone interbedded with thin-layer
sandstone layers containing more flaky mica locally. +e
lithology of the strata changes strongly, and the interbedding
of various sandstones and sandstones and mudstones is
prominent. +e lithology distribution of the south cliff
where Yuanjue Cave is located and the relative relationship
between Yuanjue Cave and cliff are shown in Figure 6. +e
changeable sedimentary environment leads to the complex
and changeable nature of lithofacies and rock strata and
forms a unique natural geographical landscape. +e rock

Figure 1: Internal structural features of Yuanjue Cave.
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Figure 3: Structure characteristics of A-A section.
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strata with better lithology and strong weathering resistance
form a relatively prominent canopy structure, while the rock
strata with weak nature shrink relatively under the action of
weathering force. +e statues carved on it can be protected
by its upper canopy structure, avoiding direct wind and rain
erosion, thus becoming a good statue cliff (Figure 7).

According to the investigation, 13 fissures are developed
in the surrounding rock mass around Yuanjue Cave, and
each fissure is dislocated or pinches out at the weak rock
stratum, resulting in different appearance of the main fis-
sures developed in the adjacent strata. Among them, the
main fissures that directly cut the surrounding rock body of
Yuanjue Cave are J-01, J-07, J-10, L05, L06, and L08. Among
them, L6 fissures are only developed in the roof layer, and
J01, J07, J10, L05, and L08 fissures are exposed in the image
layer and the bottom rock body of Yuanjue Cave. +e
distribution characteristics of the main fissures in different
layers are shown in Figure 8.

4. Construction of Three-Dimensional
Numerical Model of Yuanjue Cave Based on
Point Cloud Data

4.1. High-Precision Solid Modeling. Data acquisition is car-
ried out by combining three-dimensional scanning and
traditional measurement technology. +e instrument adopts
Soja NET05 0.5〞 “total station and its matching prism
(angle measurement accuracy is 0.5”; ranging accuracy
is± s(1mm+ 1ppm)), FARO Focus3D X 330 HDR three-
dimensional laser scanner, FARO SCENE software, and
Geomagic software. According to the spatial characteristics
of the research object, when setting up a 3D scanner for
three-dimensional scanning, a special target for 3d scanner
will be set up around it. +e coordinate values of the target
will be measured by a total station to introduce the three-
dimensional scanning data into the geodetic coordinate
control network of the project. A total of 55 stations were
scanned.

+is simulation is based on image point cloud data, with
a holographic image as the foreground representation and
point cloud as the background support. +e holographic
image and point cloud are closely registered and fused to
complete the surface model modeling, and appropriate grid
division is carried out on this basis. Due to the huge amount
of data and considering the accuracy impact degree of
simulation analysis, this project reduces the accuracy of the
model surface (Buddha statue, text, sculpture, etc.) to about
10 cm, and the contact accuracy of blocks is within 3mm.

+e roof model of Yuanjue Cave established in this paper
is mainly to simulate the structural interaction between roof
rock mass and lower supporting block, so its simulation
scope should include independent roof block, lower sup-
porting rock mass and strip rock structure. +e fracture that
can cover the above blocks is taken as the boundary, and the
model boundary is parallel to the axial direction of the cave
body. +e specific model size is as follows: the east side is
bounded by 5m east of J10 fracture, the south side is
bounded by 5m south of the dew point of L6 fracture, the

west side is bounded by the dew point of L6 cliff, and the
north side is bounded by cliff. +e length of the model along
the longitudinal axis of Yuanjue Cave is 20m, the width of
the vertical longitudinal axis is 19m, and the height of the
model is 11m.

4.2. Geomechanical Parameters. +e lithology parameters of
this simulation are determined by taking rock samples from
on-site drilling and indoor rock tests, and by combining the
parameter differences between rock blocks and rock masses,
the execution of the rock mechanics tests are carried out
according to the standard for test methods of engineering
rock mass (GB/T 50266-2013). Specific formation parame-
ters are presented in Table 1.

4.3. Application and Calculation of Additional Loads. +e
cave body of Yuanjue Cave is excavated in the cliff rock
body. +e roof rock body is connected with the foundation
of the banzai building. +e relative position of the support
column of the banzai building and Yuanjue Cave is shown in
Figure 9. Long live building is an octagonal wooden tower
structure, with a height of 21.2m and a width of 3.6m at the
bottom. It is located directly behind the upper part of
Yuanjue Cave and spans the J10 fissure. +e eaves columns
in the east and north of the long live building are located
above the J10 fissure cavity, the northeast eaves column is
located on the east side of J10 fissure, and the other 5 eaves
columns are located on the west side of J10 fissure. Only one
eave column facing southeast is located above the roof of
Yuanjue Cave, and the center of the column is 0.7m away
from the rock face behind the cave. According to the relevant
load value standard of ancient buildings, the load of banzai
building is counted. +e relevant load values are shown in
Table 2.

According to the calculated load and distribution
characteristics in this table, the load of the banzai building is
mainly distributed on the inner ring columns, and at the
same time, the load is converted into normal (vertical)
pressure value (200 kPa) and applied according to the cross-
sectional area of the columns (Figure 10).

4.4. Analysis of Cracks and Boundary Conditions. Based on
the fine detection results, FLAC3D built-in interface unit is

Hard and so�
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Figure 7: Topographic characteristics of statue layers.
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Table 1: Parameters of formation lithology.

Number Stratum Depth (m) Elastic modulus (Pa) Poisson’s
ratio

Cohesive strength
(Pa)

Internal
friction
angle (°)

Density (kg/m3g)

1 Miscellaneous fill 25.2–70 1.00E+ 09 0.41 2.50E+ 04 18 1660
2 Fine sandstone 22.3–25.2 2.76E+ 10 0.17 1.35E+ 06 33 2230
3 Interbedded fine sandstone 21.8–22.33 1.38E+ 10 0.25 9.00E+ 05 34 2150
4 Fine sandstone 20.1–21.8 2.50E+ 10 0.18 1.50E+ 06 32 2200
5 Interbedded fine sandstone 19.23–20.1 1.38E+ 10 0.25 9.00E+ 05 33 2040
6 Fine sandstone 15.67–19.23 2.50E+ 10 0.18 1.50E+ 06 35 2240
6-1 Mud fine sandstone 15.38–15.67 1.00E+ 10 0.3 6.00E+ 05 33 2160
7 Mud fine sandstone 14.74–15.38 1.00E+ 10 0.3 6.00E+ 05 32 2230
8 Fine sandstone 10.72–14.74 2.50E+ 10 0.18 1.50E+ 06 34 2270
8-1 Fine sandstone 7.82–10.72 2.50E+ 10 0.18 1.50E+ 06 36 2210
9 Mudstone 7.34–7.82 6.00E+ 09 0.35 8.00E+ 05 37 2360
10 Fine sandstone 6.61–7.34 2.50E+ 10 0.18 1.50E+ 06 38 2160
11 Mudstone 5.35–6.61 6.00E+ 09 0.35 8.00E+ 05 39 2310
12 Fine sandstone 4.33–5.35 2.50E+ 10 0.18 1.50E+ 06 42 2350
13 Mudstone −3.2–4.33 6.00E+ 09 0.35 8.00E+ 05 32 2260

Figure 9: Spatial relationship between Banzai building, Yuanjue Cave, and J10 fissure.

Table 2: Banzai building load statistics.

Number Projects Value Unit Quantity Calculated load value/t
1 Level live load 3.6 kN/m2 112.37 40.453
2 Constant load (converted into wood) 550 kg/m3 78.66 43.262
3 Glazed tile (including grey quilt) 174.3 kg/m2 278.872 48.607
4 Coloured glaze ridges 94.5 kg/m 96.576 9.126
5 Total — — — 141.4
6 Average column load per group — — — 17.7

J10

L4

Roof layer

J10

L4

L1
L5

L8

J01

J07

Statue layer

L3

J10

L8

J01

J07L1L3

Floor layer

N N N

L6

Measured fissure
Speculative fissure

Figure 8: Distribution characteristics of main cracks in Yuanjue Cave.
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used to simulate the three-dimensional structural charac-
teristics of the fracture interface. Due to the complex spatial
form of fractures in Yuanjue Cave, it is extremely difficult to
model the fractures through a single fracture. +erefore, a
modeling method is proposed in which the local model is
wrapped by the interface elements on the surface of key
blocks. After the local block is wrapped by the contact
surface, the contact conduction between the local block and
the surrounding block can be completed by the contact
surface unit at the contact position. Figure 11 shows the
interface contact situation. +e model is manually cut, and
there are 4 manually cut boundaries, of which the bottom
boundary fixes all nodes X, Y, and Z in the plane, and both
sides and rear of the model adopt horizontal fixed bound-
aries (Figure 12). After the constraint boundary of the model
is established, the linear elastic model is firstly adopted to
carry out self-balancing under the gravity field condition.
+en, the calculation is carried out in the elastoplastic phase
of the Moore–Coulomb model, and the maximum unbal-
ance force Fm＜ 1e−5N is taken as the end mark of the
calculation. Finally, the stress characteristics of the roof and
its lower supporting bars of Yuanjue Cave, the stability risk
of the roof of Yuanjue Cave, and the strain characteristics of
the roof plate are revealed.

5. Analysis of Roof Deformation Law of
Yuanjue Cave

5.1. Analysis on Stress Field and Its Evolution Law of Roof in
Yuanjue Cave

5.1.1. Stress Distribution Characteristics of Roof and Sup-
porting Blocks in Yuanjue Cave. Firstly, the top plate of
Yuanjue Cave and the strip supporting the top plate are
taken as the main analysis objects. Figure 13(a) shows the
distribution characteristics of the horizontal stress field of
Yuanjue Cave. Warm color represents tensile stress and
cold color represents compressive stress in the nepho-
gram. +e figure shows that there is a horizontal com-
pressive stress concentration area (0.5–1MPa) in the
middle above the light hole on the upper surface of the top
plate of Yuanjue Cave, with a depth of about 60 cm.

Corresponding to the lower part, there is a tensile stress
concentration area (0.25–0.5MPa) with a depth of 40 cm.
+is figure shows that the bending moment of the top
plate of Yuanjue Cave is mainly concentrated in the
middle position of the front part (window side), with a
horizontal direction.

Figure 13(b) shows the stress situation of the support
block at the lower part of Yuanjue Cave. +e distribution
laws of different stress types are roughly the same, showing
that in the support areas on both sides of the window, the
pressure concentration degree in the support area on the east
side is greater than that on the west side, the filling bar stone
is used as the main stress body on the east side, and the
concentration pressure in the front section of the bar stone
on the east side is greater than that in the rear section.

Figure 13(c) shows the stress and deformation distri-
bution of the fillets in the lower part of the roof of Yuanjue
Cave. In order to highlight the segmented and segmented
deformation characteristics of the fillets, only the defor-
mation nephogram of the fillets is called out. +e defor-
mation law of the fillets is similar to the stress concentration
of the fillets. +e deformation amount of the fillets on the
east side of the overall window is larger than that on the west
side, and the deformation amount in the front part of the
fillets on the east side is larger than that in the back part of
the fillets. However, the deformation amount of the fillet in
some parts is different from the stress distribution, for ex-
ample, the deformation amount of the fillets in the inner
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Figure 11: Contact of cracks in the partial model of Yuanjue Cave.
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edge of the east side is larger and more concentrated in the
front part.

5.1.2. Characteristics of Roof Stress Traces in Yuanjue Cave.
By taking the main stress trace inside the roof of Yuanjue
Cave as the analysis object, only the independent roof plate
body of Yuanjue Cave is called out, and the stress charac-
teristics inside the roof are given by the magnitude and
spatial deflection characteristics of the three-dimensional
main stress (maximum main stress, intermediate main
stress, and minimum main stress). Since the principal
stresses are all compressive stresses, the calculated value in
the software is negative, and the larger the absolute value, the
smaller the displayed value; that is, the displayed minimum
value is the actual maximum value (absolute value).
Figure 14(a) is a three-dimensional perspective view of the
stress trace inside the top plate (left rear end view of the
model). In this view, the trace of the maximum principal
stress (white short line) at the support positions at both ends
of the top plate tends to be vertical and gradually deflects
toward the horizontal direction after entering the top plate
body upward, and the maximum principal stress dominance
is distributed near the upper surface, while the trace con-
centration area of the intermediate principal stress (purple
line) is mainly distributed near the lower surface of the top
plate body.

Figure 14(b) is a cut trace of the upper half of the roof,
showing the horizontal deflection characteristics of the
upper main stress trace of the roof. In order to show the trace
more clearly, adjust themaximum principal stress trace from
white to yellow according to the picture background. +e
deflection track of the maximum principal stress trace
presents Y-type diffusion and echoes with each end of the
roof triangle, forming a relatively regular stress form near
the upper surface of the roof rock mass. On the other hand,
the concentration of the stone filling side (east side) on the
east side of the window is significantly greater than that on
the west side (L6 cutting side). +e maximum principal
stress starts at the lower three supporting areas, and the
maximum principal stress is transferred from the supporting
areas to the upper half of the roof and finally collected near
the centroid.

Figure 14(c) shows that the main stress concentrated in
the lower part of the top plate is mainly the middle main
stress by intercepting the trace of the lower part of the top
plate. +e trace flow pattern corresponds to the maximum
main stress pattern in the upper part and is also triangular
flow, gradually converging from three supporting points to
the position of the geometric center of the inner surface.

5.2. Analysis of RoofDisplacement Field and Its Evolution Law
in Yuanjue Cave. +e model calculation is a quasistatic
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Figure 13: Stress nephogram of local model of Yuanjue Cave. (a) Horizontal stress field of roof, (b) maximum principal stress field of the
supporting block, and (c) deformation characteristics of supporting blocks.
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calculation. +e model changes from elastic calculation
process to elastic-plastic calculation process, which is the
deformation process of the roof. Due to the complexity of
roof lithologic parameters and deformation influencing
factors of Yuanjue Cave, numerical simulation methods
have not yet been able to accurately simulate the evolution
process of the cave for more than 800 years. +e obtained
simulated deformation data are only used to study its de-
formation mechanism and serve the rescue protection work
of Yuanjue Cave. +e roof displacement characteristics of
Yuanjue Cave are shown in Figure 15.

(1) Figures 15(a) and 15(b) show that the main defor-
mation parts of the model are concentrated in the
roof and its lower supporting strips on the east side
of Yuanjue Cave, and the more the strip filling area
approaches the front window, the greater the de-
formation. Generally speaking, the east side is larger
than the west side, and the northeast corner has the
largest deformation.

(2) Figure 15(c) shows the deformation nephogram of
L6 cutoff section, which shows that the deformation
on this section forms a uniform transition section
with “upper left corner-lower right corner” as the
connecting line. It shows that the roof deformation
of Yuanjue Cave gradually increases from the
northwest corner to the east, with uniform gradient,

which accords with the block deflection character-
istics. It is judged that the roof deformation is mainly
deflection deformation, and the deflection axis is
located in the L6 fracture cutting section.

5.3. Analysis on Evolution Law of Displacement Monitoring
Points of Roof in Model. According to the roof shape and
thickness distribution characteristics of Yuanjue Cave, a
total of 78 displacement monitoring points were designed
this time. Among them, a total of 4 rows of 11 displacement
monitoring positions are arranged from the window posi-
tion to the inside of the plane. Each monitoring position is
designed with 7–10 displacement monitoring points
according to the change of the roof thickness; the vertical
monitoring points are arranged at a distance of 30–35 cm.
+e change characteristics of settlement displacement are
shown in Figure 16.

(1) Figure 16(a) shows the settlement of three moni-
toring points 1.5m away from the window, showing
that the maximum settlement is 8.04mm and the
minimum is 4.09mm. +e displacement of the
monitoring points on the east side of the roof (the
side where the strips are filled) is significantly larger
than the west. +e vertical monitoring points in the
roof layer at the same location have a maximum
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Figure 14: Stress trace diagram of the local model of Yuanjue Cave. (a) Overall stress trace of the roof, (b) stress trace in the top half of roof,
and (c) stress trace in the lower half of the roof.
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settlement difference of 0.01mm, and the vertical
point monitoring curves at each location basically
overlap.

(2) Figure 16(b) shows the settlement of three moni-
toring points 3.5m away from the window, showing
that the maximum settlement is 8.04mm and the
minimum is 2.84mm. +e overall rule is that the
settlement on the east side is greater than that on the
west side, and the vertical monitoring point at the
same location. +e settlement difference is small, the
maximum difference is 0.01mm.

(3) Figure 16(c) shows the settlement of two monitoring
points 7m away from the window. It shows that the
maximum settlement is 7.72mm, the minimum
settlement is 4.96mm, and the maximum settlement
difference between the vertical monitoring points at
the same location is 0.01mm.

(4) Figure 16(d) shows the settlement of three moni-
toring points 11m away from the window, showing
that the maximum settlement is 5.04mm, the
minimum settlement is 2.07mm, and the vertical
monitoring point settlement at the same location has
a maximum difference of 0.04mm, which is signif-
icantly larger than other locations, which shows that
due to the poor stress conditions at this location,
combined with the layered sedimentary character-
istics of the roof rock mass, it is judged that there is a
risk of layer separation. Field observations revealed
that the erosion of the back section of the roof was

significantly greater than that of the front section,
and the maximum amount of erosion differed by
250mm, which also confirmed the law derived from
the monitoring point data.

According to the roof shape and thickness distribution
characteristics of Yuanjue Cave, 91 displacement monitoring
points are designed. Among them, 4 rows of 11 displacement
monitoring positions are arranged from the window posi-
tion to the inside of the plane, and 7–10 displacement
monitoring points are designed for each monitoring posi-
tion according to the thickness change of the roof. +e
distance between vertical monitoring points is 30–35 cm.
+e displacement variation characteristics of monitoring
points are shown in Figure 16.

(1) +e curve in Figure 16(a) shows that the displace-
ment on the east side of the roof of Yuanjue Cave
(the side filled with stone) is obviously larger than
that on the west side, and the direction of the front
window is obviously larger than that on the back
side.

(2) +e displacement curves shown in Figure 16(b) are
completely coincident, and there is no possibility of
delamination along the vertical direction.

(3) Figure 16(c) shows that the displacement curves are
not completely coincident, and the maximum dif-
ference is 0.02mm, which indicates that there is
delamination risk in this part due to geometric shape
and stress distribution, which is consistent with the
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Figure 15: Displacement nephogram of Yuanjue Cave local model. (a) Nephogram of total displacement, (b) displacement of roof
(perspective 1), and (c) displacement of roof (perspective 2).
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actual situation on site (the denudation depth of this
part is the largest).

6. Conclusion

Based on the point cloud data method, the three-dimen-
sional numerical model of Yuanjue cave is built, and the
deformation of the roof is analyzed; some conclusions are
drawn as follows:

(1) +e roof volume of Yuanjue Cave is 256.03m2, the
total weight is about 1360.8 t, the center of gravity
is located in the center of plane space in Yuanjue
Cave, the supporting triangle area on the west side
of the window is 15.36m2, the supporting strip
area on the west side of the window is 1.4m2, the
supporting strip area on the east side is 8.2 m2, and
the supporting triangle area on the rear wall is
5.65m2.

(2) +e average stress in the tensile zone on the lower
surface of the roof of Yuanjue Cave is 0.8Mpa, and
the average stress in the compressive zone on the
upper surface is 1.5Mpa. +e average compressive
strength of the strips is 2.6Mpa, and the maximum
concentrated pressure of the strips is 3.5Mpa,
showing the basic rule that the stress of the strips on
the east side of the window (the strip filling area) is
greater than that on the west side of the window, and
the stress of the strips on the east side is greater than
that on the south side. +e deformation of the strip
rock is basically distributed in such a way that the
inside of the cave is larger than the outside and the
north section is larger than the south section.

(3) +e deformation of the roof in Yuanjue Cave is larger
in the east than in the west and northeast. +e roof
deformation of Yuanjue Cave gradually increases
from the northwest corner to the east with a uniform
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Figure 16: Monitoring curve of roof displacement monitoring points in Yuanjue Cave. (a) Displacement monitoring curve of measuring
point (1–21#), (b) displacement monitoring curve of measuring point (22–42#), (c) sisplacement monitoring curve of measuring point
(43–58#), and (d) displacement monitoring curve of measuring point (59–78#).
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gradient, which accords with the characteristics of
block migration.

(4) Vertical monitoring points are arranged along the
thickness of the roof. Displacement data show that
the displacement curves of the monitoring points at
the same horizontal position in the southern section
of the vertical boundary on the west side of the roof
(at the back of the cavern) are not completely co-
incident with each other, with the maximum dif-
ference of 0.02mm. Due to the geometric shape and
stress distribution, there is a risk of delamination in
the site, which is also consistent with the actual
situation on site (the site has the largest denudation
depth).
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