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As a representative of cliff-like stone cultural relics, caves are carved on natural mountains and cliffs, which overlap with the
influence zone of the geological unloading zone. Cracks in the unloading zone lead to stability issues, including falling blocks,
collapse, water seepage, and deformation. This article analyzes the stability of the roof facing the Yuanjue Cave, the cultural
heritage site of Dazu Rock Carvings. We systematically analyzed the characteristics of the Yuanjue Cave and established a
method to monitor cave stability based on the framework of the protection system. As shown through in-field practice, the
monitoring method showed good modularization, construction, and spatial expansion performance in narrow spaces. Taking
fracture displacement, roof subsidence, roof denudation rates, and roof pressure as monitoring elements, the method showed
high precision over a short timeframe. The deformation law of the surrounding rock mass was also obtained through coupling
the analysis of multisource monitoring data in the Yuanjue Cave. The method could integrate protection and monitoring
systems, permitting preservation of the Yuanjue Cave and its cultural relics, providing a useful reference for similar cases.

1. Introduction

The cave temple, as a representative of the cliff-like stone
cultural relics, is an architectural form that was introduced
to China from India with Buddhism. It is based on Bud-
dhism, spreading West to East and South along the Silk
Route, and is widely distributed [1-3]. Following the foot-
steps of Buddhism, Sichuan, Chongqing, and other regions
continued the art form of cave temples into the Song
Dynasty. The Dazu Rock Carvings are one of the rare
remains of Confucianism, Buddhism, and Taoism [4].
Grotto temples are directly carved on the natural mountains
and cliffs, forming part of these cultural relics. However, as
the mountain cliff is typically situated in the developing
region of the unloading zone, the grotto itself is typically
influenced by cracks in the unloading zone and is prone to
collapse, overturning, and landslide due to the action of

internal and external forces. This threatens the safety of
cultural relics in the grotto temple [5-9].

The cultural relic protection of Grotto temples in China
has gradually shifted from rescue protection to both rescue
and preventive protection [10, 11]. Intense research has been
performed to establish proactive protection, monitoring, and
early warning systems in grotto temples [12-17]. For exam-
ple, Wang and colleagues used instruments such as joint
gauges, inclinometers, multipoint displacement meters, ther-
mometers, and hygrometers to monitor the stability of Yun-
gang Grottoes surrounding the rock mass inclination, crack
development, and cracking and spalling of the rock mass sur-
face. The use of bolt technology to strengthen the roof of
Cave 14 was also performed following the early warning of
rock mass instability and the need for roof reinforcement
[18]. Through the monitoring and analysis of temperature
and humidity, ultraviolet light, carbon dioxide, sulfur
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FIGURE 1: Shape of the internal Buddhist niches.

dioxide, and other factors in the Sanyou cave cliff carving
area, Gao and colleagues used the roof method to strengthen
Cave 3 [19]. Brandi et al. considered the need to protect
natural caves and sustainable mining operations and pro-
posed a remote geotechnical monitoring method to predict
cave instability [20].

However, deficiencies in the monitoring and protection
of grotto temples persists, including the mutual dispersion
of monitoring data, the decoupling of protective structures
and monitoring, the lag in studies of the deformation law of
the grotto rock mass, and the emphasis on the surface of
cultural relics and environmental monitoring [21-23].

Dazu Rock Carvings are known as “the last monuments
in the history of human grotto art” and represent the highest
level of world grotto art in the 9th to 13th centuries AD. The
Yuanjue Cave is representative of these monuments. How-
ever, under the long-term action of natural forces and human
factors, fracture development accelerated weathering, rock
denudation, and roof instability have appeared in the rock
mass adjacent to the cave [24]. In response to the erosion of
the base rock of the Yuanjue Cave, a reinforcement work
has been performed to alleviate danger. However, the stabil-
ity of the roof of the Yuanjue Cave is unknown and requires
urgent protection work. For preventive protection, an exten-
sible flexible jacking system was designed. The fiber Bragg
grating sensors are widely used in structural health monitor-
ing due to their anti-interference, corrosion resistance, and
high precision [25, 26]. In this study, a monitoring system
for roof deformation and pressure within the Yuanjue Cave,
coupled to rock mass deformation in adjacent areas, surface
weathering rates, and the deformation of close fissures has
been established. The preliminary construction of this system
for the protection of the roof of the Yuanjue Cave and the
adjacent rock masses provides a useful reference for the
protection of similar grottoes.

2. Regional Geological Conditions of the
Yuanjue Cave

2.1. Artistic Value of the Yuanjue Cave. Dazu Stone carvings
are located in the Northwest of Chongqing city. They were

carved in the Tang Dynasty and flourished in the Song
Dynasty. Notable examples include Beishan, Baoding Moun-
tain, Nanshan Mountain, Shizhuan Mountain, and Shimen
Mountain. As a world cultural heritage site, the Dazu Stone
carvings have high historical, artistic, scientific, social, and
cultural values. As a representative of the Dazu Stone
carvings, the Yuanjue Cave has unique craftsmanship that
integrates decoration, drainage, and lighting, fully demon-
strating the creative ability of ancient carving masters.

2.2. Geometric Features of Circular Holes. The Yuanjue Cave
is 12 meters deep, 9 meters wide, and 6 meters high. It is the
largest cave statue in the Big Buddha Bay and is located on
the upright cliff face of the south cliff of the Big Buddha
Bay Chonggou, Longtangou Branch, Baoding Town. It is
almost East-West and formed by erosion from East to West.
The overall shape is “U,” with a length of more than 340
meters and a width of more than 90 meters. Elevation at
the bottom of the valley is approximately 462-473 meters,
and the height of the cliff wall height is generally greater than
6 meters. There is a roaring stone lion at the entrance of the
cave. The front wall of the cave is engraved with “three bodies”
(Dharmakaya, Yingshen, and Samshen). There are twelve
round sensations on both sides of the cave, six on the left
and six with a pedestal below. The six bases are connected,
and the entrance tunnel is approximately 6.5 meters in length.
The maximum height in the Yuanjue Cave is 6.02 meters, 9.55
meters wide, and 12.13 meters deep. Figure 1 shows the shape
of the Buddhist niches inside the Yuanjue Cave.

3. Disease Development in the Yuanjue Cave

3.1. Cracks across the Hole. The surrounding rock strata of
the Yuanjue Cave is formed from the red sandstone of the
Sichuan Basin, belonging to the sedimentary environment
of fluvial and lacustrine facies. The strata are mainly horizon-
tal fine-grained sandstone with interbedded mudstone. Thin
sandstone layers with more flaky mica are present within
some areas. The lithology of the strata varies and interbedded
sandstone and mudstone are prominent. The sedimentary
environment of the rock properties is complex and formed
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FIGURE 2: Distribution map of cracks around the Yuanjue Cave.
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FIGURE 3: Water damage and surface erosion on the roof of the Yuanjue Cave.

from the unique natural geographical landscape and lithol-
ogy, with good resistance to weathering. The rock has formed
a prominent canopy structure, with the weaker rock forming
the Buddha bay imaging layer, on which the carved statues
are protected by the upper canopy, avoiding direct wind
and rain erosion.

According to the survey, 13 fractures developed in the
surrounding rock mass of the Yuanjue Cave, with each frac-
ture dislocated or pinched out in the soft rock stratum, result-

ing in an altered appearance of major fractures in the
adjacent rock stratum. Amongst them, six main fractures
are present in the surrounding rock mass directly cut by the
Yuanjue Cave, namely, J-01, J-07, J-10, L05, L06, and L08.
Of these, only L6 fractures developed in the roof layer, with
five fractures, namely, J01, JO7, J10, LO5, and LO08, being
exposed in the carved stone layer and floor rock mass of
the circular cave. The distribution characteristics of the main
fractures in the different layers are shown in Figure 2. The
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widely distributed fractures cut the rock mass around the
Yuanjue Cave, seriously influencing the stability of the body
and surrounding rock of the Cave.

3.2. Roof Seepage and Weathering Denudation. Roof leakage
of the Yuanjue Cave can be divided into two types according
to the mode of action. The first type is directly infiltrated by
water seepage from outside the cave through bedding or
cracks, leading to the gradual warping and hollow drum of
the original weak layer of the roof, with eventual spalling.
This type of erosion is harmful, with denudation occurring
along the cracks directly to both sides. The second type is
eroded by condensation water in the cave, leading to
increased surface humidity of the roof in the cave, exacerbat-
ing roof warping, empty drum, and finally peeling. Fracture
seepage and rock dry and wet cycle have important influence
on the stability of rock mass structure [27-29]. Water seep-
age on the roof of the Yuanjue Cave is concentrated in the
Southwest corner. There is a weak interlayer in the vertical
direction between the roof and image layer, where a fine
plant root system is present. The Southwest corner of the
roof harbors the L6 crack, with large volumes of water con-

centrated on both sides. The weathering and denudation
depth of the roof along the L6 crack reaches ~5cm. See
Figure 3(b) for water seepage in the roof of the Yuanjue
Cave.

Through detailed investigations of roof weathering and
denudation disease, more than 41 areas of roof cavitation,
cracking, and warping have been identified. The roof is dom-
inated by layered weathering and denudation, forming a
series of diseases empty drums, cracking, and warping along
with bedding, leading to the formation of denudation parti-
cles (Figure 3(c)). The most significant feature is the existence
of a thick layered circular denudation step on the roof of the
circular cavity. The partial fracture of the denudation step
presents an irregular vertical oblique shape, with a broken
section and vertical included an angle close to 60-70°. The
visible section in the annular fracture zone hole is 10.2
meters. The morphology of the denudation fracture is shown
in Figure 3(a). Weathering and denudation of the roof have
gradually progressed to the center in the vertical direction
and are diffused in the near-circular core of the horizontal
direction. It is speculated that the roof will eventually form
a “dome” denudation form.
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3.3. Cracking in the Roof Support Strip. At the initial stage of ~ ure of different degrees in a natural environment [30-32].

the Yuanjue Cave, the East side of the roof is supported by the

Deterioration of the filling zone in the Northeast corner of

filling strip stone (Figure 4). After more than 700 years, the  the cavity is obvious, and large levels of fracturing and
state of the roof support body has undergone a series of  crushinghave occurred in the front filling area. Through field
changes. The heterogeneous rock mass is prone to creep fail-  investigations, a large number of compression and direct
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FIGURE 7: Rock fissure displacement monitoring curve.

shear cracks have occurred in the filled strip stone, with the
main plane positions distributed in the East side of the
through-light hole and the central area of the Eastern wall,
as shown in Figure 4(a).

Fracture of the stripped stone will seriously affect the sta-
bility of the dome plate. The strip stone will lose its original
compressive properties after fracturing, and its supporting
capacity will decrease. At the same time, the upper roof sup-
ported by the striped rock was compressed following fracture
and sank, forming an uneven settlement on one side of the
roof and secondary L6 cracks, as shown in Figure 4(c).

To summarize, the weathering and denudation of the
Yuanjue Cave are serious. Fractures have now developed in
the surrounding rock, roof joints, and filled bars, seriously
affecting the stability and safety of the cave. Urgent stability
monitoring of the circular holes is now required to develop
a monitoring and early warning system that can evaluate
the stability of circular holes.

4. Construction of the Yuanjue Cave Plate
Prevention and Protection System

4.1. Necessity of Preventive Protection. The Yuanjue Cave has
undergone a historical retention process since its excavation.
The stability of the roof of the cave has gradually declined
from its initial state of stability under various natural and
man-made forces, to breaking of the original rock boundary
and the supporting rock. This evolutionary development is

closely related to the environment, stratum lithology, cave
shape, and grotto rock structure [33-35].

Traditional grotto rock mass reinforcement strategies
combine analysis and evaluation methods with reinforce-
ment techniques, slope engineering, and underground water
conservancy engineering [36, 37]. These methods have the
disadvantage of large disturbances and poor coordination
when applied to the protection of grotto cultural relics.

Following evaluation, the total weight of the suspended
area of the independent roof block of the Yuanjue Cave was
approximately 600 tons. The roof rock mass is brittle with a
span of 9 meters and an average thickness of only 2.5 meters.
Preventive protection of the Yuanjue Cave is therefore
required, but the necessity of process monitoring should be
fully considered.

4.2. Preventive Protection Methods. Given the large fluctua-
tions in the inner surface of the roof, the narrow site, the large
number of cultural relics in the work area, and the sensitivity
of the roof to stress tolerance, a static roof protection system
was designed and developed. The system is composed of
standard components with strong expansion capabilities.
The system uses layered installation, point-by-point lifting,
static coupling, monitoring, and supporting links to ensure
the safety and stability of the roof of the Yuanjue Cave during
the survey and design stage.

The static roof support system is mainly composed of a
column and a supporting static adjustment system. Upon
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FIGURE 8: Roof settlement monitoring curve.

consideration of the gravity distribution of the roof, 3 rows of
columns are present in the East-West direction of the cave.
From left to right, there are 4, 3, and 4 columns. The specific
layout is shown in Figure 5(a). The diagonal braces are
arranged between the vertical piles, and the diagonal braces
between the columns are connected by hinged plates. There
are 17 sets of diagonal braces, and the side span diagonal
braces are reinforced with steel tie rods to form a supporting
system. The layout of the support system is shown in
Figure 5(a). The structure of the vertical link is shown in
Figure 5(b).

Due to the differences in the elevation distribution of the
lower surface of the roof, static jacking devices must be
designed at each support node of the system to meet the ini-
tial support requirements of the roof. The maximum static
jacking stroke can reach 50 cm. Static preload compression
is controlled by combining the pressure monitoring sensors.
The preload pressure must not exceed 500 N.

The supporting area is supported by square steel plates.
To ensure an even fitting with the roof sandstone, a coupling
contact layer was set between the roof and steel plate. The
contact layer was divided into an isolation layer, an epoxy
coupling layer, and an elastic cushion layer. The isolation
layer ensures that the surface of the rock body is free from
contamination. The epoxy coupling layer shows high plastic-
ity prior to hardening, which can completely contact the

uneven roof surface. After hardening, the epoxy layer forms
a high-strength rigid body to achieve a uniform roof pres-
sure. The lower area of the epoxy coupling layer contacts
the elastic cushion through the antifouling diaphragm. The
elastic cushion has a thickness of 10 mm, a maximum linear
elastic compression of 4mm, and an unconfined compres-
sion modulus composed of rubber with good elastic proper-
ties and antiaging properties.

5. Construction of the Multisource Intelligent
Monitoring System and Analysis of the
Monitoring Results

Through preliminary investigations, the spatial shape, dis-
ease status, and boundary conditions of the roof rock mass
of the Yuanjue Cave have gradually become clear. The dete-
rioration of the roof rock mass has also gradually been
defined. However, the laws of deformation development in
the roof rock mass of the Yuanjue Cave over time and space
remain unclear. It was necessary to establish a long-term
monitoring system to prove these laws. According to the dif-
ferent stress and deformation characteristics of the circular
roof plate and surrounding rock, a range of monitoring
systems were established, including crack displacement mon-
itoring, roof horizontal settlement monitoring, laser
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FIGURE 9: Laser monitoring curve of the ablation rate.

denudation monitoring, roof settlement pressure monitor-
ing, and GNSS deformation monitoring of the cliff and sur-
rounding rock mass.

5.1. Monitoring Point Locations

5.1.1. Points of Fissure Displacement Monitoring. Displace-
ment monitoring points were arranged around the fissure
in the cutting hole. A total of 8 locations were monitored with
an accuracy of 0.1 mm. Through the analysis of the fissures,
displacements of J-10, J-01, J-07, and L5 were all (direct or
indirectly) affected by the deformation of the roof and
surrounding rock. The layout is shown in Figure 6(a).

5.1.2. Points of Roof Level Settlement Monitoring. Settlement
monitoring is mainly arranged on the upper surface of the
circular roof plate, using the leveling monitoring method. A
total of 9 observation points of the roof leveling settlement
were arranged, with a monitoring accuracy of 0.1 mm. The
installation of the site layout is shown in Figure 6(b).

5.1.3. Points of Ablation Rate Monitoring. Using high-
precision laser sensors, long-term monitoring of the ablation
speed was performed at a fixed point on the top plate. A total
of 8 measuring points were arranged, with a monitoring
accuracy reaching 0.05 mm. The monitoring equipment was
coinstalled with the supporting system. The site layout is
shown in Figure 6(c).

5.1.4. Cliff Deformation Monitoring. The roof stability of the
Yuanjue Cave is directly related to the deformation of the

adjacent rock mass. Therefore, two GNSS displacement
monitoring points were arranged adjacent to the rock mass
outside the Yuanjue Cave in February 2019. The GPS-2 mon-
itoring point was located at the corner of the cliff. The GPS-1
monitoring point was located between the corner of the cliff
and the Yuanjue Cave. The detailed layout and location are
shown in Figure 6(d).

5.2. Analysis of the Monitoring Results

5.2.1. Fissure Displacement. The monitoring data of the fis-
sure displacement sensors were used for observation and
warning via the Dazu Rock Carving Early Warning Platform
(DRCEWP). The monitoring accuracy was 0.1 mm. Monitor-
ing data were collected from April 2019 to February 2020
(Figure 7). Amongst the 8 monitored data points, points
P02 and P06 failed to provide valid information. The results
suggest that the monitoring data fluctuate within a narrow
range around the 0 axes, with a fluctuation range within
+1mm. The fluctuation of the small displacement may be
related to the cave temperature, but the fissures show relative
stability.

5.2.2. Roof Level Settlement. Monitoring of the roof surface
settlement was initiated on January 26, 2019, with a monitor-
ing accuracy of 0.0l mm. Data were recorded every hour,
with observations and warnings measured through the
DRCEWP. Monitoring data were collected from January
2019 to July 2019 and December 2019 to April 2020 as shown
in Figure 8. Although the horizontal positions of the 9 points
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showed a unilateral decline over time, with an obvious settle-
ment trend, the accumulated absolute values of deformation
were relatively small, with the roof deformation trend requir-
ing a longer period of observation.

5.2.3. Monitoring of the Ablation Rate. The laser monitor-
ing data of the erosion rate in the cave were used for
observations and early warning through the DRCEWP,

with a monitoring accuracy of 0.05mm. Monitoring data
were retrieved from November 2018 to January 2020 from
8 laser displacement sensors (Figure 9). The results
showed that the distances of the 8 measuring points
showed regular “expansion-contraction” alterations over
time. The overall curve fluctuated in response to tempera-
ture changes, and the curvature changed as the seasons
progressed.
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5.2.4. Cliff Deformation. Since the horizontal data of the
GNSS monitoring points were more accurate than the verti-
cal data, two horizontal monitoring data of the “South-
North” and “East-West” were selected for analysis. Compar-
ing Figures 10(a) and 10(b) from 2019.4 to 2019.9 at the two
monitoring points, the fluctuation range exceeded the nor-
mal range (1 mm), but the change in the No. 1 monitoring
point was greater than that in No. 2. The maximum change
in the East-West direction reached 10 mm.

This phenomenon was due to strong wind and rain in the
area on June 3", which caused a large tree with a diameter of
35-45 cm at the breast height, 5 meters from the corner of the
cliff wall, to fall to the Northeast. The root rock mass was
away from the No. 1 monitoring point, but No. 2 experienced
displacement of the adjacent rock mass at the corner of the
cliff, leading to variation in the values. The surrounding rock
masses at the two monitoring points were cut by the fissures
and were independent of each other. Both were in a state of
“lap” and “occlusion.” The structure was unstable, so a large
displacement occurred under the action of the dynamic load
(falling of the large tree). From the comparison of the East-
West displacement of the monitoring point in Figure 10(c),
it can be seen that the accidental tree tipping caused the
East-West displacement, which gradually recovered and
stabilized.

In terms of the North-South displacement (Figure 10(d)),
the monitoring curve also changed following tree tipping, but
the amount of change was significantly smaller. On the other
hand, and different from the East-West displacement, the
North-South displacement has obvious fluctuation charac-
teristics upon the arrival of the tourist season (such as the
National Day), with a fluctuation range of between 3 and
5mm, as the tourists must gather and pass through the cliff
leading to step passage damage. The structural stability of
the grotto temple is not only related to external forces but
also closely related to the immersion environment [38-40],
which requires a longer monitoring period and more moni-
toring data to analyze. In addition, the anchor cable support
structure with constant resistance and large deformation
proposed by Tao et al. [41-42] also provides a method for
the deformation control of the grotto temple rock wall, which
will be an important research work in the future.

6. Conclusion

(1) Protection of the roof of the Yuanjue Cave is prob-
lematic due to large fluctuations in the inner sur-
face, the narrow site, the numerous cultural relics
in the work area, and the sensitivity to roof stress.
A static roof support system can overcome the
problem of layered installation. Key technical prob-
lems such as point-by-point lifting, static coupling,
and monitoring equipment can ensure the safety
and stability of the roof during the survey and
design stage

(2) Deformation monitoring of the roof and surrounding
rock mass showed the characteristics of complexity,
multiple types, and high environmental tolerance

11

requirements. The combination of the monitoring
system and the preprotection system overcomes
building issues in the Yuanjue Cave, providing a use-
tul reference for similar unloading belt grotto protec-
tion monitoring

@3

~

Due to the age of excavation at the Yuanjue Cave Site,
the impact of the excavation process and unloading
on the surrounding rock of the cliff were stable. The
deformation process of the rock mass surrounding
the cliff wall of the Yuanjue Cave was prolonged
and restricted by an array of factors

(4) Upon analysis, the deformation trend of the roof and
surrounding rock mass of the Yuanjue Cave have
been initially defined. However, a further work is
required on the stability of the surrounding rock
mass of the Yuanjue Cave, and more monitoring
methods are required. Deformation monitoring and
regular verification are required at various time
points to provide technical support for the protection
of the Yuanjue Cave
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