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Stability study of complex caves: a case
study of Yuanjue Cave in the Dazu Rock

Carvings
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A refined 3D numerical model was constructed to reflect the intricate topography, geological
structures, and support conditions of the Yuanjue Cave in the Dazu Rock Carvings. The study
identifies the main factors influencing the stability of the roof, the deformation and failure modes and
key areas, and the current stage of the cave’s stability was determined. The results show that the
development of cavity depth acts as the trigger for roof deformation and failure, while the breakage of
strip stones is the primary controlling factor. The overall deformation and failure mode of the roof is a
combination of bending and torsion, with the key failure area located at the left front of the cave
entrance. The current state of deformation in the cave’s roof indicates it is in the mid-term accelerated
change stage. These findings offer a reference for the stability analysis of other similarly

complex caves.

Cave temples, as valuable cultural heritage, embody unique historical, cul-
tural, artistic, and social value. However, as large and immovable stone
artifacts, caves have been subjected to long-term impacts from both natural
factors and human activities. As a result, many caves have experienced
varying degrees of instability and damage, which have progressively wor-
sened over time'”. Therefore, conducting in-depth studies on the
mechanisms of cave deformation and failure, as well as assessing their
current stability status, is of critical importance for the preservation of these
significant cultural assets.

With the rapid development of computer technology, numerical
simulation methods have been widely applied in the study of cave chamber
stability. Due to their ability to effectively reflect and simulate the three-
dimensional morphology of caves, numerical simulations have gradually
become an indispensable tool for solving stability issues in caves with
complex engineering structures and boundary conditions. For example,
Gao et al.* established a 3D numerical model of the Longyou Cave group to
assess the stability of the surrounding rock mass. Wang’ used numerical
simulation methods to explore the development patterns of rock mass
stability in the Baizikli Grottoes under different evaluation conditions. Lu®
constructed a finite element model of the Yungang Grottoes™ pillars to
analyze their stability during the excavation phase. Li’ used finite difference
software to model the Jinta Temple Grottoes and identified areas of greatest
stress concentration. Zhang’ employed numerical simulations to evaluate
the rock safety of caves No. 1 and No. 2 at the Yungang Grottoes. Similarly,
Li et al” used numerical simulations to examine the stability of caves No.

5-13 at the Yungang Grottoes under weathering effects and identified
potential areas of instability in the rock mass. Additionally, Chen and Guo
etal."""* applied numerical simulation methods to study the stability of the
Mogao Grottoes under tourist loads and seismic loads.

Despite numerous studies, there are still limitations in the numerical
simulation work on cave stability. Most studies rely on built-in geometries
provided by numerical simulation software, constructing finite element
models through simple geometric transformations'*"*. This method is sui-
table for relatively simple models, but it is difficult to apply to caves with
complex morphologies. As a result, in current numerical analyses of cave
stability often involve simplifying the cave’s geometry into regular shapes
during model construction, which inevitably introduces discrepancies
between simulation results and actual conditions. To ensure the reliability of
numerical analysis, it is essential to make the constructed models as con-
sistent with reality as possible.

In recent years, with the rapid development of 3D laser scanning and
digital photogrammetry, cultural heritage preservation has entered a digital
and information-driven era'>'. Reverse modeling based on 3D laser scan-
ning point cloud data can generate accurate geometric information, pro-
viding a reliable foundation for numerical simulations'’""’. For example,
Andrey V etal.”’ used 3D laser scanning technology to establish a 3D model
of the Shabolovka tower in Moscow. Li et al.”' used 3D laser scanning to
establish a finite element model of the painted sculptures in the Mogao
Grottoes, studying their dynamic response to seismic forces. Rolin et al.”
used 3D laser scanning to obtain point cloud data of the spire of the
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Fig. 1 | Internal photo of Yuanjue Cave.

Cathedral of Senlis, France, and constructed its finite element model
through parametric modeling. Lin et al.”’ obtained a complete and real
model of the Great Wild Goose Pagoda through a method of multi-scan
point cloud hierarchical registration for 3D reconstruction. Although
reverse modeling based on 3D laser scanning point cloud data has been
successfully applied to complex artifacts, its application in cave stability
research remains relatively limited. Therefore, using 3D laser scanning
technology to achieve refined modeling of complex caves holds great sig-
nificance for advancing the study of cave stability.

Moreover, in most existing studies, cave chambers were directly
excavated from the original rock mass and are in close contact with the
surrounding rock without any infill. However, the roof of Yuanjue Cave in
the Dazu Rock Carvings is supported by a combination of the original rock
mass and infilled strip stones, making its boundary support conditions more
complex compared to other caves. Additionally, the cave chambers studied
so far are generally densely excavated, with smaller spans and depths for
individual chambers. For example, in the aforementioned study of the
Mogao Grottoes, the maximum span was 4.4 m, and the maximum depth
was 6.6 m; in the study of the Baizikli Grottoes, the maximum span and
depth were both 6 m. In contrast, Yuanjue Cave has a span of 9.55 m and a
depth of 12.13 m. From a structural mechanics perspective, larger spans and
depths create more unfavorable conditions for the roof’s stress and
deformation.

In light of this, this study focuses on Yuanjue Cave of the Dazu Rock
Carvings. Using point cloud data obtained through 3D laser scanning, a
refined 3D numerical model was constructed to accurately represent the
cave’s complex morphology, geological structures, and support conditions.
By combining numerical simulations with field monitoring data analysis,
the study systematically investigates the stress-deformation characteristics
of the cave’s roof and the factors influencing its stability. The deformation
and failure modes of the roof, as well as the key areas, were identified, and the
current stability state of Yuanjue Cave was assessed. The findings provide
scientific evidence for future reinforcement of the cave’s roof and offer an
important reference for stability studies of other similarly complex cave
systems.

Methods
Background of the study object
The Dazu Rock Carvings are located in Dazu District, Chongging, and
represent the pinnacle of world cave art from the 9th to the 13th centuries.
Known as the “final monument in the history of cave art,” the carvings were
inscribed on the UNESCO World Heritage List on December 1, 1999.
Yuanjue Cave is the largest cave sculpture in the Dazu Rock Carvings. Inside
the cave, the stone carvings are intricately detailed and exquisitely shaped,
with a delicate and flowing appearance, as shown in Fig. 1. The spatial shape
of Yuanjue Cave is nearly rectangular. The entrance passage is approxi-
mately 6.5 m long, 1.6-2.4 m wide, and 3.8-4.4 m high. Inside the cave, the
maximum height is 6.02 m, the maximum width is 9.55 m, and the depth is
12.13 m. The profile of the cave’s dimensions is shown in Fig. 2.

The self-weight reaction of the rock mass in the roof of Yuanjue Cave is
primarily supported by two components: the strip stones beneath the roof
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Fig. 2 | The profile of the dimensions inside Yuanjue Cave. a Transverse section;
b Longitudinal section. The selected cross-section within the cave is not necessarily
the one with the largest dimensions.

and the original rock mass. The roof boundary is divided into the “original
rock boundary” formed by the original rock mass and the “strip stone
boundary” formed by the supporting stones. The “original rock boundary”
is consolidated with the surrounding rock of the same strata, occupying
about half of the roof’s boundary. The “strip stone boundary” consists of
intact load-bearing stones and fractured broken stones, which occupy the
other half of the roof’s boundary, as shown in Fig. 3.

Due to the topographical feature of three exposed surfaces in Yuanjue
Cave, numerous unloading fractures have developed in the surrounding
rock mass. Through field surveys and 3D scanning, as well as an analysis of
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Fig. 3 | Schematic diagram of the roof support boundaries in Yuanjue Cave.
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Fig. 4 | Fracture distribution surrounding Yuanjue Cave.

the spatial positions and orientations of the fractures, a total of 13 fractures
were identified around Yuanjue Cave, labeled as J-01,]-07,]-10,J-14,L1, L2,
L3, 14, L5, L6, L7, L8, and L9. Most of these fractures are primarily dis-
tributed within the sculpture strata, with only the L6 fracture located in the
roof strata, cutting through the southwestern corner of the entire roof of
Yuanjue Cave. The planar distribution of the fractures is shown in Fig. 4.
Yuanjue Cave in the Dazu Rock Carvings is situated in a fluvial-
lacustrine sedimentary environment, where the rock layers are primarily
exposed in horizontal formations, with alternating layers of packsand and
mudstone. Through engineering drilling and laboratory testing, the sur-
rounding rock of Yuanjue Cave has been divided into 15 layers, as shown in
Fig. 5. Due to the unique stratigraphic structure of Yuanjue Cave, there is a
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Fig. 5 | Geological profile of Yuanjue Cave in Dazu Rock Carvings.
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Fig. 6 | Schematic diagram of the cavity below the cave entrance.

layer of lower strength stratum beneath the entrance of the cave. After long-
term differential weathering, this layer has weathered and eroded at a faster
rate than the layers above and below it. As a result, a cavity with a certain
depth has formed at this layer, as shown in Fig. 6.

Over the centuries, under the continuous influence of natural forces
and various deterioration factors, the strip stones beneath the roof of
Yuanjue Cave have gradually broken down, and the rock mass at the bottom
of the roof has experienced ongoing peeling. This has posed a significant
threat to the safety and stability of Yuanjue Cave. Field inspections of the
strip stones beneath the roof of Yuanjue Cave revealed that some of the strip
stones have developed compressive fractures. These fractured strip stones
are mainly concentrated in the front section of the cave chamber, with a
trend of further development towards the rear. The characteristics and
distribution of the fractured strip stones are shown in Fig. 7. After the
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Fig. 7 | Distribution characteristics of crushed supporting strip stones in the front section of Yuanjue Cave.

Fig. 8 | Laminar peeling on the roof inside Yuanjue Cave.

excavation of Yuanjue Cave, stress redistribution occurred within the rock
mass. Under the influence of additional loading and long-term weathering,
varying degrees of peeling damage have developed at the bottom of the roof,
as shown in Fig. 8.

Numerical simulation

Numerical simulation is an effective tool for addressing complex defor-
mation and failure problems in geotechnical engineering, and the accuracy
of the model is crucial for the reliability of the results. To ensure the precision
of numerical analysis, the constructed model must closely match the actual
conditions. Therefore, in light of the limitations of existing studies and the
unique characteristics of Yuanjue Cave in the Dazu Rock Carvings, this
numerical simulation of deformation and failure mechanisms focuses on
addressing the following issues:

(1) To address the current issue of low model refinement, which fails to
reflect the true morphology of the cave, this study utilized point cloud data
from 3D laser scanning of the excavation area. The refined 3D geological
model of Yuanjue Cave in the Dazu Rock Carvings was constructed using
software such as Autodesk ReCap, 3DReshaper, Geomagic Studio, Rhino,
and Flac3D. This model not only restores the actual morphology of Yuanjue
Cave as accurately as possible but also captures the three-sided exposed
topographical characteristics of the surrounding rock mass.

(2) Given the complex stratigraphy of Yuanjue Cave and the highly
developed surrounding fractures, the model stratigraphy was divided into
groups in Rhino software based on the elevation of each layer, following
preliminary stratigraphic surveys and fracture investigations. The fractures
were then segmented in Rhino according to their planar positions and
stratigraphic locations. The specific modeling process is shown in Fig. 9.

(3) To address the complex support conditions of Yuanjue Cave’s roof,
field investigations were conducted to determine the geometry and spatial
position of the infilled strip stones between the roof and the underlying
bedrock. Based on the results of these investigations, the strip stones were
grouped and modeled according to specific lengths, thereby simulating the
effect of the support strip stones on the stability of Yuanjue Cave’s roof. Due
to the relatively fewer strip stones on the right side of the cave entrance, they

were modeled as a single group with a length of approximately 1 m. The left
side of the entrance is filled with strip stones (Fig. 7), which were grouped in
segments of 0.5 m in length. From the entrance to the back of the cave, a total
of 26 groups were formed, covering approximately 13 m in length. Similarly,
considering the cavity development beneath the entrance of Yuanjue Cave,
based on field investigations, a 10 m wide and 1.3 m thick area at the cavity
level was selected, and the cavity was divided into seven groups with a depth
increment of 0.5 m.

Using the above 3D modeling scheme, a refined 3D geological model of
Yuanjue Cave was constructed, incorporating the complex stratigraphy and
fracture distribution, as shown in Fig. 10. Based on this model, a refined 3D
geological model including the strip stone blocks and cavity was constructed
according to the grouping scheme of the strip stones and cavity. The
grouping of the cavity and strip stones is illustrated in Fig. 11. The overall
model dimensions are 58.05m x 47.33m x 31.51m, with a total of
1,719,093 elements. The model contains five artificially cut boundaries, with
the bottom boundary subjected to fixed constraints and the side boundaries
subjected to normal constraints. 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. Then, the calculation is carried
out in the elastoplastic phase of the Mohr-Coulomb model.

Previous research has shown that the surrounding rock mass of
Yuanjue Cave is generally stable, and the stability of the cave mainly depends
on the stability of its roof **. The strip stones as a support structure for the
roof has an important influence on the stability of the roof . Additionally,
based on field investigations, the cavity beneath the entrance of Yuanjue
Cave may also affect the stability of the roof. Therefore, considering the local
fractures in the supporting strip stones of the roof and the gradual devel-
opment of the cavity beneath the cave, the bearing and failure conditions of
the strip stones were generalized into two forms: intact load-bearing strip
stones and broken strip stones that no longer provide support. The null
model in the FLAC3D numerical analysis software was used to simulate the
state of broken strip stones and cavity depth development. For the simu-
lation of cavity depth development, the cavity is gradually set as a null model
from the inside out to simulate the increasing depth of the cavity. Since each
group of cavities is 0.5 m, the depth of the cavity increases by 0.5 m with each
simulation. The development of the cavity is illustrated in Fig. 12. For the
simulation of broken strip stones: The broken strip stones are set as void
models to simulate the gradual development of the broken strip stone
length. Since each group of strip stones is 0.5m, the broken strip stone
length extends by 0.5 m with each simulation. The development of broken
strip stones is illustrated in Fig. 13.

During the numerical simulation process, vertical displacements at
four corner measurement points above the roof of Yuanjue Cave, as well as
the distribution of maximum principal stress in the roof, were monitored.
Two additional measurement points were set on either side of the L6 frac-
ture to monitor the trend in the width of the fracture. The locations of all
monitoring points are shown in Fig. 14.

The lithological parameters of this simulation are determined by taking
rock samples from on-site drilling. The execution of the rock mechanics
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tests are carried out by the YZW100 mechanical testing system, according to
the standard for test methods of engineering rock mass (GB/T 50266-2013).
Considering the impact of drilling on the cultural relics, sampling was
carried out at three locations surrounding the Yuanjue Cave, at a certain
distance from each other (sampling locations are indicated in Fig. 4). The
specific stratigraphic parameters are shown in Table 1.

Field monitoring
Stress monitoring equipment (BGK-4800) was installed on the temporary
support columns inside Yuanjue Cave to monitor changes in the contact
pressure between the support columns and the roof. By comparing the
support force data from different locations, the deformation of the cave
roof was analyzed. A total of nine measurement points (Y1 to Y9) were set
up for support force monitoring. Additionally, an automatic laser distance
measurement system (the testing accuracy is 0.1 mm and the testing
distance is 600 mm) was installed on the temporary supports of the roof to
monitor peeling of the roof’s inner surface. By comparing the peeling data
from different parts of the roof’s inner surface, the uneven stress dis-
tribution at the bottom of the roof was analyzed. A total of eight mea-
surement points (W1 to W8) were set up for peeling monitoring. The
specific locations and field arrangements of these measurement points are
shown in Fig. 15. For ease of description and comparison, the measure-
ment points were grouped according to their spatial relationships as
follows:

(1) Measurement points on the left side of Yuanjue Cave: Y2, Y6, Y3,
Y8 W1, W2, W3, W4,

(2) Measurement points along the central axis of Yuanjue Cave: Y1, Y7;
W5, W6, W7.

(3) Measurement points on the right side of Yuanjue Cave: Y4,
Y5, Y9; W8.

Results

Impact of cavity depth on roof deformation and failure

The cloud and vector diagrams of vertical displacement in the rock mass at
the entrance area of Yuanjue Cave under different cavity depths are shown
in Fig. 16. Based on the numerical simulation results, the displacement
curves of roof measurement points Y6 and Y9 at the front side of the roof as a
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Fig. 10 | 3D Geological model of Yuanjue Cave. a Stratigraphic distribution map;
b Fractures distribution map. The different colors in the image represent different
strata or fractures.
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Fig. 11 | Schematic diagram of cavity and strip stone grouping. a Top view;
b Elevation view. Different colors in the figure represent different groups of strip
stone or cavity.

function of cavity depth were plotted, as well as the vertical displacement
difference between the front measurement points (Y6, Y9) and the rear
measurement points (Y8, Y10), as shown in Figs. 17 and 18, respectively.

(1) As shown in Fig. 16, as the cavity depth increases, the extent of its
influence on rock mass deformation in the entrance area of Yuanjue Cave
gradually expands, and the settlement of the rock mass above the cave
entrance significantly increases.

(2) Fig. 17 shows that with increasing cavity depth, the vertical dis-
placement of measurement points Y6 and Y9 on both sides of the cave
entrance also increases continuously, and their rate of change gradually
increases with the depth of the cavity. However, the overall values remain
relatively small.

(3) As indicated in Fig. 18, the vertical displacement at the front and
rear measurement points of the roof differs. With increasing cavity depth,
the vertical displacement difference between the front and rear of the roof
gradually increases, and their rate of change also grows with increasing
cavity depth, though the overall values remain relatively small.

Impact of broken strip stones on roof deformation and failure in
Yuanjue Cave

The cloud and vector diagrams of vertical displacement in the roof of
Yuanjue Cave under different lengths of broken strip stones are shown in
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Fig. 14 | Schematic diagram of measurement point positions in numerical
simulation.

Fig. 19. Based on the numerical simulation results, the displacement
curves of various roof measurement points and the width of the L6 frac-
ture as a function of the length of broken strip stones were plotted, with Y8
and Y10 measurement points used as examples, as shown in Figs.
20 and 21.

(1) As shown in Fig. 19, as the length of the broken strip stones increases,
the vertical displacement of the roof in Yuanjue Cave continues to increase,
and the uneven settlement becomes progressively more severe. The inclined
and bent area in the left front part of the roof expands, and the roof shows a
tendency to tilt and overturn towards the left front side of the cave entrance.
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Table 1 | Stratigraphic and lithological parameters

Number Mudstone Bulk Shear Cohesive Internal friction Density Tensile
modulus (GPa) modulus (GPa) strength (MPa) angle (°) (kg/m3) strength (MPa)
1 Miscellaneous fill 2 0.4 0.025 18 1660 0.1
2 Packsand 14 11 1.35 33 2230 1
3 Interbedded fine sandstone 9 5 0.9 34 2150 1
4 Packsand 13 10 1.5 33 2200 0.5
5 Interbedded fine sandstone 9 5 0.9 33 2040 0.5
6 Packsand 13 10 1.5 35 2240 0.5
7 Argillaceous fine sandstone 8 4 0.6 33 2160 1
8 Argillaceous fine sandstone 8 4 0.6 32 2230 1
9 Packsand 13 10 1.5 34 2270 1
10 Packsand 13 10 1.5 36 2210 0.5
11 Mudstone 7 2 0.8 37 2360 0.5
12 Packsand 13 10 1.5 38 2160 0.5
13 Mudstone 7 2 0.8 39 2310 0.5
14 Packsand 13 10 1.5 42 2350 0.5
15 Mudstone 7 2 0.8 32 2260 0.5
16 Strip stone 13 10 1.5 34 2200 1
(2) Figs. 20 and 21 indicate that as the length of the broken strip stones

increases, the vertical displacement at the various roof measurement points \\ Y6,W1 Y3.W2 Y2,W3 Y8,W4

and the width of the L6 fracture both increase. The increase process can be f\ L Suppo}t N o /f’

roughly divided into three stages: an initial steady change stage when the ‘ colimn

broken strip stone length is less than 4 m, a mid-term accelerated change /

stage when the length is between 4 mand 11 m, and a late rapid change stage

when the length exceeds 11 m. Entranceof W5  Y7|W6  Y1,W7

(3) Compared to the impact of cavity depth on the uneven deformation
of the front part of the roof, the vertical displacement caused by broken strip
stones is several orders of magnitude larger than that caused by cavity depth.

To determine the trend of uneven deformation in the roof as a function
of the length of the broken strip stones, the vertical settlement differences
between the left measurement points (Y6, Y8) and the right measurement
points (Y9, Y10) were plotted as a function of broken strip stone length, as
shown in Fig. 22.

(1) The settlement values at the left roof measurement points Y6 and
Y8 are greater than those at the right points Y9 and Y10, indicating that the
roof is tilting towards the left side of Yuanjue Cave (the side with the infilled
strip stones). As the length of the broken strip stones increases, the settle-
ment difference between the left and right measurement points continues to
grow, and the degree of tilting intensifies.

(2) During the initial stage of strip stone breakage, the front part of the roof
tilts more rapidly than the rear part. However, as the length of the broken strip
stones continues to increase, the forward tilting gradually slows, while the rear
tilting begins to accelerate significantly. In the early stage of strip stone breakage,
the settlement difference between the left and right measurement points at the
front is significantly greater than that between the rear measurement points.

The relationship between roof peeling and uneven stress defor-
mation in Yuanjue Cave

The samples obtained from the three drilling locations were subjected to
Brazilian splitting tests under both dry and saturated conditions, as shown in
Fig. 23. Figure 24 shows the tensile strength of the rock mass at different
depths in the Yuanjue Cave area under dry and saturated conditions
(averaged from the three sampling points). To show the tensile regions and
the magnitude of tensile stress at the bottom of the roof, Fig. 25 displays the
distribution of maximum principal stress in the roof of Yuanjue Cave under
varying lengths of broken strip stones. The negative region is caused by
compression due to the contact between the roof and the strip stones, and is
unrelated to the tensile region at the roof.
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Fig. 15 | Field monitoring of roof support force and peeling in Yuanjue Cave.
a Schematic diagram of support force and peeling measurement points; b Field
layout of support force and peeling monitoring. Support force and peeling mea-
surement points are positioned at varying heights on the support columns.

(1) As shown in Fig. 24, changes in moisture content significantly affect
the tensile strength of the rock. The tensile strength in saturated conditions is
markedly lower than that in dry conditions, and the closer the rock is to the
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Fig. 16 | Cloud and vector diagrams of vertical
displacement in the rock mass at the entrance of
Yuanjue Cave under different cavity depths.

a Cavity depth 0.5 m; b Cavity depth 2.5 m; ¢ Cavity
depth 3.5 m. Negative values in the figure represent
settlement.
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surface, the lower the tensile strength, with the lowest value being less than
0.25 MPa.

(2) Fig. 25 shows that the bottom surface of the roof in Yuanjue Cave is
under tensile stress, and as the length of the broken strip stones increases, the
maximum principal stress (tensile stress) at the bottom surface of the roof also
gradually increases. The maximum value has already exceeded the tensile
strength of the surface rock in saturated conditions (0.25 MPa), and the region
of concentrated tensile stress shifts from initially being above the cave entrance
to progressively moving towards the left front side of the cave entrance.

Integrity status of Yuanjue Cave roof
The support force monitoring was conducted at a frequency of once per
minute, with data collected from April 8, 2019, to June 26, 2019. The dataset
includes a total of 113,760 data points from nine stress sensors. The mon-
itoring data for the support force measurement points on the roof of
Yuanjue Cave are presented in Fig. 26.

As shown in Fig. 26, the monitored support force values for the roof of
Yuanjue Cave exhibit relatively small overall variations. Based on the roof
area and thickness combined with the average density of the rock, the total
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Fig. 17 | Variation of the vertical displacement of front roof measurement points
with the cavity depth. a Measurement point Y6; b Measurement point Y9. Vertical is
the z-axis direction in the cloud map.

weight of the roof is estimated to be approximately 570 tons. The sum of the
maximum support forces at all measurement points is about 7.7 tons, which
is less than 2% of the total weight of the roof. This indicates that the roof of
Yuanjue Cave remains stable overall and that the primary support force is
provided by the existing boundary conditions.

According to the data from the support force monitoring points, the
monitored values showed minimal variation throughout the day. Therefore,
the average daily monitoring data were calculated to create a new daily
monitoring value series for each measurement point. After this processing,
the support force data for the roof measurement points formed nine syn-
chronized and continuous time series. To explore the interactions between
support force variations at different roof measurement points and to assess
the overall integrity and continuity of deformation in the roof of Yuanjue
Cave, a correlation analysis was conducted on the nine time series formed by
the support force data from each measurement point.

For sequences with nonlinear relationships that do not follow a normal
distribution, Spearman correlation analysis is typically used to assess their
correlation”’. The Spearman correlation analysis involves arranging the
sequence X = {x,,x,,...,x, } inascending or descending order to obtain
the sorted sequence A = {a,,a,, ..., a, }. The position of each element x;
in sequence A is denoted as r;, referred to as the rank of element x;, resulting
in the rank sequence Ry of sequence X. Another sequence Y =
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Fig. 18 | Variation of vertical displacement difference between front and rear roof

measurement points with the cavity depth. a Y6-Y8; b Y9-Y10. “-” represents a
minus sign.

{»1,75,---.,} is processed in the same way to obtain the sorted sequence
B={b,,b,,...,b,}, which gives the rank sequence S, of sequence Y. The
rank difference sequence D = {d,,d,,...,d, } is obtained by subtracting
the corresponding ranks of the two sequences. The Spearman correlation
coefficient p is then calculated using the Eq. (1):

n
2
Y m
p= n(n? —1)
where 1 is the number of points in the sequence, and p is the Spearman
correlation coefficient.

The time series of support force measurement points on the roof of
Yuanjue Cave are represented as Y, (n = 1,2...9), to quantify and eval-
uate the interactions between the support force measurement points of the
roof. The correlation heatmap of the time series between support force
measurement points on the roof of Yuanjue Cave is shown in Fig. 27.

(1) The correlation between the support force measurement points on
the roof of Yuanjue Cave is relatively strong. Except for point Y5, which has
a lower correlation coefficient with the other points, the correlation coeffi-
cients between all other measurement points are greater than 0.6, with a
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Fig. 19 | Cloud and vector diagrams of vertical
displacement in the roof under different broken
strip stone lengths. a Broken strip stone length 5 m;
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maximum value of 0.879. This indicates that, except for point Y5, the region
enclosed by the other measurement points on the roof has good overall
integrity and strong deformation continuity. The lower correlation of point
Y5 with the other points is due to the fact that fracture L6 on the roof
separates point Y5 from the others, thereby weakening its association with
the rest.

(2) Whether on the left or right side of Yuanjue Cave, a trend is
observed where the correlation with the front measurement points decreases
as the distance from the cave entrance increases. Additionally, the

correlation between points Y7 or Y5 and Y6 also gradually decreases with
increasing distance from Y6. This suggests that the continuity of defor-
mation in the roof of Yuanjue Cave gradually strengthens from the inside to
the outside and also strengthens from the right rear to the left front.

Development trend of uneven deformation in the roof of
Yuanjue Cave

Analysis of the stability and overall integrity of Yuanjue Cave’s roof indicates
that the roof has good integrity, strong deformation continuity, and is in a
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Fig. 20 | Variation of vertical displacement of roof measurement points with the
broken strip stone length. a Measurement Point Y8; b Measurement Point Y10.
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Fig. 22 | Variation of vertical displacement difference between measurement

points with the broken strip stone length. a Y6-Y9; b Y8-Y10. “-” represents a
minus sign.

stable state. Therefore, to determine the overall stress and deformation trend
of the roof, an analysis was conducted on the variation of the support force
differences at different roof measurement points recorded at the same time
each day. The difference curves for each measurement point were linearly
fitted over time, and the slope of the fitted line was used to understand the
overall change trend of the differences between measurement points, thus
preliminarily determining the development trend of uneven deformation in
the roof. Since the process of calculating differences between measurement
points and fitting is similar for all points, only the fitting results for a subset
of measurement points are presented here for brevity, as shown in Fig. 28.

As shown in Fig. 28, the variation curves of the differences in support
force at each measurement point on the roof of Yuanjue Cave are relatively
small and overall stable. However, based on the fitted lines, it can be
observed that the difference curves exhibit a certain trend of development,
and the slopes of the fitted lines for different measurement points vary,
indicating that uneven deformation has occurred in the roof of Yuanjue
Cave. The remaining support force measurement points were analyzed in
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Table 2| Slope and distance gradient statistics of the change in difference over time between support force measurement points

in Yuanjue Cave

Monitoring point location Left monitoring point

Central axis monitoring point

Subtraction between monitoring points Y8-Y6 Y8-Y3 Y8-Y2 Y2-Y6 Y3-Y6 Y2-Y3 Y1-Y7
Distance between monitoring points (m) 6.9 4.6 23 4.6 2.3 2.3 2.3
Slope of the fitted line (t/d) 0.00327 0.00159 0.00084 0.00243 0.00168 0.00075 0.00006
Distance gradient of the slope (t/d/m) 0.00047 0.00035 0.00037 0.00053 0.00073 0.00033 0.00003
Monitoring point location Right monitoring point Mixed monitoring point
Subtraction between monitoring points Y5-Y4 Y5-Y9 Y4-Y9 Y8-Y5 Y8-Y9 Y9-Y6 Y5-Y6
Distance between monitoring points (m) 2.3 4.6 2.3 5.45 8.49 4.945 6.75
Slope of the fitted line (t/d) —0.00239 —0.00177 0.00062 0.00403 0.00226 0.001 0.00076
Distance gradient of the slope (t/d/m) —0.00104 —0.00037 0.00027 0.00074 0.00027 0.0002 0.00011
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Fig. 23 | The Brazilian splitting experiment.

the same way by calculating differences with other points and fitting. The
fitted slopes of the differences between each measurement point (reflecting
the overall development trend of uneven stress deformation) and their
distance gradients (indicating the intensity of uneven stress deformation
development in different regions) are presented in Table 2.

(1) Compared to the support force measurement points along
the central axis and on the right side of the roof, the slopes of the
difference curves for the measurement points on the left side of the
roof are generally the largest. This indicates that the uneven defor-
mation on the left side of the roof changes more significantly over
time compared to the central axis and the right side. The reason is
that the left side of the roof is supported by strip stones, while the
right side is primarily supported by the original rock mass. When the
strip stones break, they have a greater impact on the settlement and
deformation of the left side of the roof. This finding is consistent with
the numerical simulation results shown in Fig. 19, where the uneven
deformation on the left side of the roof is significantly greater than
that in the central and right parts as the supporting strip stones
continue to break.

(2) The slope of the variation in the difference between the
support force measurement points on the left side of the roof over
time shows the following pattern: Y8 —Y6>Y8 —Y3>Y8 — Y2,
while the slope gradient shows Y3 — Y6 >Y2 — Y6 >Y8 — Y6. This
indicates that the difference in uneven deformation between the
inner and outer temporary support points on the left side of the roof

Fig. 24 | Tensile strength of rock mass at different depths in dry and saturated
conditions.

increases gradually from the inside to the outside over time, and the
development of differential deformation also tends to intensify from
the inside to the outside. The most pronounced uneven deformation
occurs in the region between measurement points Y6 and Y3. This
finding is consistent with the numerical simulation results in Fig. 19,
which show a trend of the roof tilting towards the left front side of the
entrance as the supporting stones continue to break. The region
between points Y6 and Y3 also aligns closely with the key area of
deformation and failure identified in the numerical simulation.

(3) The absolute value of the slope of the variation in the difference
between the support force measurement points on the right side of the roof
over time shows the following pattern: [Y5 — Y4| > |Y5 — Y9| > [Y4 — Y9,
and the slopes of Y5 — Y4 and Y4 — Y9 have opposite signs. This indicates
that the most pronounced uneven stress development occurs in the region
between measurement points Y5 and Y4 on the right side of Yuanjue Cave,
suggesting that the L6 fracture located between points Y4 and Y5 has
expanded. This finding is consistent with the numerical simulation results
shown in Fig. 21, where the width of the L6 fracture increases continuously
as the length of the broken strip stones increases.

(4) The slope of the variation in the difference between the
internal support force measurement point Y8 on the left side of the
roof and the central measurement point Y5 and front measurement
point Y9 on the right side is also relatively large. This indicates that,
in addition to uneven deformation on the left side, there is also a
trend of differential deformation development in the interior,
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Fig. 25 | Cloud diagrams of maximum principal
stress on the roof under different broken strip
stone lengths. a Broken strip stone length 5 m;

b Broken strip stone length 9 m; ¢ Broken strip stone
length 14 m. Regions with deeper red coloration
indicate higher principal stress values.
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central, and front-right sections of the roof. This finding is consistent
with the numerical simulation results in Figs. 16 and 19, which show
that the roof of Yuanjue Cave bends towards the front entrance under
the influence of the cavity, while also tilting towards the left front side
under the condition of broken strip stones.

Development trend of uneven peeling in the roof of Yuanjue Cave
The peeling monitoring was conducted at a frequency of once per hour, with
data collected from November 28, 2018, to May 28, 2021. The dataset
includes a total of 65,498 data points from eight laser displacement sensors.
The monitoring data for peeling on the roof of Yuanjue Cave are shown in
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Fig. 26 | Monitoring data of roof support force in Yuanjue Cave.
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Fig. 27 | Correlation heatmap between the support force measurement points on the
roof of Yuanjue Cave.

Fig. 29. To explore the correlations between changes in peeling at different
roof measurement points and assess the uneven stress distribution at the
bottom of the roof, a correlation heatmap was generated for the peeling
measurement points using the same analysis method as for the support force
measurements. The resulting heatmap is presented in Fig. 30.

(1) As shown in Fig. 29, over time, the extent of peeling at measurement
points W1 and W8 gradually exceeds that of other measurement points.
This indicates that the peeling development in the areas around points W1
and W8 is more severe compared to other areas.

(2) Fig. 30 shows that the correlation between the peeling measurement
points on the roof of Yuanjue Cave is relatively strong, with correlation
coefficients between all points greater than 0.7, reaching a maximum
of 0.985.

(3) Among the measurement points on the left side of the roof, the
correlation between W1 and W2, as well as between W3 and W4, is rela-
tively high, while the correlation between W2 and W3 is lower. This is
consistent with the field observation that the length of the broken strip
stones extends to between W2 and W3. This suggests that the breakage of
the supporting strip stones has caused uneven stress on the left side of the
roof, resulting in a lower correlation between the peeling in the front and
rear regions.

(4) The correlation between three pairs of measurement points along
the left side and central axis of the roof (W1-W5, W2-W6, W3-W?7) shows a
trend where the farther the points are from the cave entrance, the lower the
correlation between the lateral points. This indicates that the uneven peeling
changes are more pronounced closer to the entrance, between the left side of
the roof and the central axis.

Based on the overall seepage condition of Yuanjue Cave’s roof observed
during the field survey (Fig. 31), the reason for the severe peeling at mea-
surement point W8 is primarily that it is located within the seepage zone of
fracture L6, where rainwater infiltration has accelerated the peeling process.
Since the roof seepage is mainly concentrated in the right rear (southwest
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Fig. 28 | Difference and linear fitting results between the support force at roof
measurement points. a Y3-Y2; b Y5-Y9; ¢ Y4-Y9. “-” represents a minus sign.

corner) of Yuanjue Cave, while other areas are affected by condensation
water leading to weakened rock mechanical properties. It can be considered
that the condensation environment within Yuanjue Cave is uniform.
Therefore, the reason for the more severe peeling development at mea-
surement point W1 compared to other points is attributed to uneven stress
and deformation of the roof. To consider the development of uneven peeling
between measurement points on the roof under the same environmental
conditions, the analysis was conducted by excluding measurement point
W8. Using the same analysis method as for the support force measurement
points, the differences between the peeling data from each point were cal-
culated and fitted. The fitted slopes of these differences (reflecting the overall
development trend of uneven peeling) and their distance gradients (indi-
cating the intensity of uneven peeling development in different regions) are
presented in Table 3.

(1) On the left side of Yuanjue Cave’s roof, the absolute value of the slope
gradient for changes in the differences between peeling measurement points
over time follows the pattern: [W1 — W2| > [W1 — W3| > |W1 — W4]. For
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the central axis measurement points, it follows the pattern:
[W5 — W6| > |[W5 — W7|. For the left side and the central axis, the pattern is:
[W1 — WS5|>|W2 — W6| > W3 — W7|. Whether longitudinally or laterally,
the absolute value of the slope gradient for the differences between measure-
ment points on the left side and the central axis of the roof shows the char-
acteristic that “the closer to the cave entrance, the greater the difference
between the inner and outer areas.” This indicates that the closer to the front
side of Yuanjue Cave’s entrance, the more severe the uneven development of
peeling in the roof becomes. Furthermore, the closer to the front side of the
entrance, the more pronounced the differential peeling development between
the left side and the central part.

(2) Among the peeling measurement points on Yuanjue Cave’s roof,
the slope distance gradients of the differences for points W1, W2, W5, and
W6 are generally greater than those for the other points, both longitudinally

Quenuy
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Fig. 32 | Uneven settlement development trend derived from support force
monitoring.

and laterally. This indicates that the region enclosed by points W1, W2, W5,
and W6 experiences the most intense differential peeling development, both
in the longitudinal and lateral directions.

Discussion

This study investigated the deformation and failure mechanism of Yuanjue
Cave’s roof by combining numerical simulations with field monitoring data
analysis. The influence of broken strip stone length and cavity depth on the
stress, deformation, and stability of the roof was analyzed, and the current
stage of roof deformation development was determined.

It was discovered through numerical simulation that changes in cavity
depth have a certain impact on the stress, deformation, and stability of the
roof of Yuanjue Cave. As the cavity depth increases, the rock mass above the
cave entrance continues to settle, resulting in an overall forward tilting
deformation of the roof (Fig. 16). The front part of the roof near the entrance
settles faster than the rear part, causing bending deformation between the
front and rear of the roof, and this trend becomes more pronounced with
increasing cavity depth (Fig. 17). When uneven settlement deformation
occurs between the front and rear of the roof, the stress on the supporting
strip stones near the front side of the cave entrance increases, leading to
compressive fractures occurring first in these strip stones. This finding is
consistent with the field investigation, where fractured strip stones were
found to be concentrated near the front of the entrance (Fig. 7). Through
numerical simulation, it was also found that the breakage of the strip stones
causes uneven deformation in the roof of Yuanjue Cave, leading to tilting
towards the left front side of the cave (Fig. 19). As the length of the broken
strip stones increases, the uneven deformation intensifies (Figs. 20 and 21).
The asynchronous tilting of the front and rear measurement points of the
roof results in not only bending deformation but also torsional deformation
(Fig. 22). Therefore, the deformation failure mode of the roof is a combi-
nation of bending and torsion, with the key failure area located in the left
front section of Yuanjue Cave. Since the supporting strip stones are in direct
contact with the roof, providing structural support, their breakage directly
impacts the stability of the roof. Compared to the cavity, which affects the
roof stability indirectly through the rock mass around the cave entrance, the
impact of broken strip stones on roof stability is much more significant.
Therefore, an increase in cavity depth is merely the trigger for roof instability,
whereas the breakage of supporting strip stones is the primary controlling
factor for roof instability and failure. Due to its unique depositional and
lithification process, the roof of Yuanjue Cave contains relatively thin bed-
ding planes. Long-term weathering has continuously reduced the strength of
the surface layers and the cementation strength between these thin layers.
Sandstone, being a product of clastic particle accumulation and cementation,
is sensitive to changes in strength when exposed to moisture. When water
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Table 3 | Slope and distance gradient statistics of the change in peeling difference over time between measurement points in

Yuanjue Cave

Monitoring point location

Left and central axis monitoring point

Subtraction between monitoring points W1-w2 W1-W3 W1-W4 W5-W6 W5-W7 W6-W7
Distance between monitoring points (m) 1.84 3.83 6.12 2.30 4.59 2.30
Slope of the fitted line (mm/d) 0.00138 0.00118 0.00179 -0.00141 -0.00118 0.00024
Distance gradient of the slope (mm/d/m) 0.00075 0.00031 0.00030 -0.00060 -0.00026 0.00011
Monitoring point location Mixed monitoring point

Subtraction between monitoring points W1-W5 W2-W6 W3-W7 W5-W4

Distance between monitoring points (m) 3.06 2.42 2.42 2.30

Slope of the fitted line (mm/d) 0.00249 -0.00031 0.00013 -0.00070

Distance gradient of the slope (mm/d/m) 0.00081 -0.00013 0.00005 -0.00031

Fig. 33 | Region of most intense uneven stress development derived from peeling
monitoring.

infiltrates from outside the cave or condensation occurs inside, the moisture
content of the surface rock of the roof increases, further reducing its
mechanical properties. As the bottom surface of the roof is under tensile
stress (Fig. 25), when the tensile stress in certain areas exceeds the tensile
strength of the surface rock, laminar peeling occurs under its own weight
(Fig. 8). Therefore, under identical rock properties and environmental
conditions, the uneven stress deformation at the bottom of the roof can
reflect the area of uneven peeling. It can be concluded that as the length of the
broken strip stones increases, the area prone to peeling on the roof gradually
shifts from above the entrance to the left front side of the cave entrance.
The development trend of uneven settlement in the roof of Yuanjue
Cave can be derived from the changes in the temporary support forces over
time, as shown in Fig. 32. Compared to field monitoring, the mechanical
state in numerical simulations reflects more extreme conditions. However,
both exhibit the same deformation development trend under the condition
of strip stones broken. Therefore, the verification of field monitoring results
against numerical simulation results focuses not on absolute values but
primarily on comparing deformation development trends. It can be
observed that the trend of uneven settlement derived from field temporary
support force monitoring data is consistent with the uneven deformation
trend obtained from numerical simulations in Fig. 19, with both indicating a
tilting and settlement towards the left front side of the cave entrance. The

analysis of field monitoring data also confirms that the deformation and
failure mode of the roof is a combination of bending and torsion, with the
key area of deformation failure located at the left front side of the entrance to
Yuanjue Cave. Based on the trend of peeling over time, combined with the
previously analyzed relationship between roof peeling and uneven stress, the
area enclosed by measurement points W1, W2, W5, and W6 is the region
where uneven stress develops the fastest, as indicated by the red dashed line
in Fig. 33. It can be seen that the area of the most intense uneven stress
development, as derived from field peeling monitoring data analysis, is
consistent with the maximum principal stress concentration area on the
bottom surface of the roof obtained from the numerical simulation in Fig.
25—both are located in the left front part of Yuanjue Cave’s roof. The
analysis of field peeling monitoring data also confirms that, under the same
rock properties and environmental conditions, the uneven stress defor-
mation at the bottom of the roof reflects the pattern of uneven peeling at the
bottom of the roof.

The study found that the stability of the roof in Yuanjue Cave is
primarily controlled by the breakage of the supporting strip stones. The
development of vertical settlement of the roof and the width of the L6
fracture can be roughly divided into three stages as the length of the broken
strip stones increases (Figs. 20 and 21):

@©When the length of the broken strip stones is less than 4 m, the roof is
in the initial steady change stage, where vertical settlement and fracture
width increase slowly.

®@When the length of the broken strip stones is between 4 m and 11 m,
the roof enters the mid-term accelerated change stage, during which set-
tlement and fracture width gradually increase at an accelerating rate.

®When the length of the broken strip stones exceeds 11 m, the roof
reaches the late rapid change stage, characterized by a sharp acceleration in
vertical settlement and fracture width.

Based on the principle of preventive protection, the length of the
broken strip stones reaching 11 m can be used as a warning indicator that
the roof is approaching instability, with 11 m identified as the critical length
of the broken strip stones. Field investigations revealed that, under current
conditions, the length of the broken strip stones is greater than 4 m but less
than 11 m, with the furthest point reaching approximately 7 m, as shown in
Fig. 34. Therefore, the deformation of Yuanjue Cave’s roof is currently in the
mid-term accelerated change stage.

Combining the results from numerical simulations and field mon-
itoring analyses, the deformation and failure development process of
Yuanjue Cave’s roof is as follows: First, the development of cavity depth
causes the rock mass near the cave entrance to tilt forward, resulting in
differential deformation between the front and rear parts of the roof
(bending deformation). Subsequently, the differential deformation
between the front and rear parts of the roof increases the pressure on the
strip stones at the front of the cave entrance, leading to their initial failure.
As the supporting capacity of the crushed strip stones at the front
entrance declines significantly, the forward tilting and differential
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Fig. 35 | Development process of instability and failure of Yuanjue Cave roof.

Primary controlling factor

deformation of the roof intensify. Next, due to the breakage of the front
strip stones, the pressure on the rear strip stones continues to increase,
resulting in a gradual expansion of the crushed strip stone area towards
the rear of the cave, causing the roof to tilt towards the left front side
(bending and torsional combined deformation). Finally, as the crushed
strip stone area continues to expand, the stability of the roof of Yuanjue
Cave progressively deteriorates. The process of instability and failure
development for the roof is illustrated in Fig. 35.

Data availability

All data generated or analysed during this study are included in this pub-
lished article.
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