The 2025 World Congress on
Advances in Structural Engineering and Mechanics (ASEM25)
BEXCO, Busan, Korea, August 11-14, 2025

Finite element model construction and seismic performance analysis
of grottoes based on point cloud datas

Jun-Feng Lu", Yan-Zhao Liu?, *Yi-Feng Wu®, Ai-Qun Li%, Yang Deng®

").2).3).4), 3 School of Civil and Transportation Engineering, Beijing University of Civil
Engineering and Architecture, Beijing 100044, China
") 18510416133@163.com
?) 1839431336@qq.com
) wuyifeng@bucea.edu.cn
4 liaiqun@bucea.edu.cn
% dengyang@bucea.edu.cn

ABSTRACT

To delve into the seismic performance of grottoes, an inverse modeling method
based on point cloud data is proposed. Based on the 3D laser scanning data of a grotto,
the establishment of a high - precision 3D finite element analysis model for a complex
grotto is achieved, facilitating the transformation from a physical entity in the real -
world space to its virtual representation. Based on ABAQUS, the stress-strain
characteristics, acceleration and displacement response of the grotto body under self-
weight and X-direction earthquake were analyzed. The results indicate that the grotto
remains in an elastic state under self - weight and small earthquakes; the grotto body
experiences plastic deformation and tensile damage at the arch foot under large
earthquakes; the maximum acceleration and displacement responses of the grotto
body are 3.94 m/s? and 13 mm respectively under small earthquakes; these values
reach 18.41 m/s®> and 66 mm under large earthquakes. In light of the numerical
simulation results, three recommendations are proposed. Attention should be given to
the seismic responses of the vulnerable parts of the grottoes. Moreover, vibration
monitoring and long - term stability monitoring of the grottoes should be strengthened.
These suggestions are intended to provide technical support for the preventive
protection of the grottoes.
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1. INTRODUCTION

In the midst of a rapidly evolving socio-cultural landscape, the notion of historical
reverence has taken firm root in the collective consciousness, elevating heritage
conservation to a central concern of our times. Throughout the lengthy process of
historical development, rock formations have been subjected to the relentless forces of
nature, including weathering, water and salt erosion, seepage, and microbial activity
(Duan et al., 2018; Jiang Guo & Huang, 2021; Liu et al., 2020; Wang et al., 2018).
These processes have led to deformation, slippage, and disintegration of certain rock
masses, compromising the stability of grottoes. Consequently, the potential for seismic
events poses one of the major threats to the stability of these structures. Approximately
70 percent of China's grottoes are located in earthquake-prone areas, with the majority
constructed on precipitous mountain slopes (Shi, Fu & Wang, 2006). In such regions,
even minor seismic events can cause serious damage to grottoes. Historical records
indicate that the collapse of some grottoes in the Yungang, Dunhuang Mogao,
Maijishan, and Tiantishan complexes are all related to seismic activity, highlighting the
significant threat earthquakes pose to the stability of grottoes. Therefore, it is imperative
to study the stability and seismic performance of grottoes.

Methods developed to assess stability or seismic response during earthquakes can
be categorized into four general types: pseudo-static methods (Sun & Dias, 2019),
Newmark methods (Aleksandra & Robert, 2021), probability analysis methods (Y.
Wang, R. Wang & Zhang, 2021), and numerical simulation (Gaetano et al., 2021).
Among these, numerical simulation has emerged as the most widely used method for
stability analysis of rock masses in recent years (Yang et al., 2020). Studies by Shi, Fu
& Wang (2006) revealed the seismic response patterns of two sections of the Mogao
Grottoes. Borri & Grazini (2006) utilized 3D laser scanning and ANSYS to model
Michelangelo’s David and evaluate its stability under seismic activity in the Florence
area. Sun & Wang (2012) employed FLAC 3D to analyze the seismic response of Xi'er
Grottoes in Cave 19 of the Yungang Grottoes, demonstrating that shear failure is the
predominant mode under seismic influence. Li, Du et al. (2018) obtained the seismic
response of painted sculptures in the Mogao Grottoes through experiments and
numerical simulation, identifying their vulnerable parts. Chen et al. (2020) analyzed the
stress distribution and deformation characteristics of surrounding rock masses under
tourist loads using a finite-difference method. Guo, Chen et al. (2020) used the same
method to study the seismic response of the Mogao Grottoes under rare earthquakes,
finding that shear failure was the main cause of damage.

For numerical simulation, the precision of the model is critical to the accuracy of
the results (Scozzese et al., 2019). Traditional software used by most scholars for finite
element model construction is time-consuming and lacks precision, often resulting in
discrepancies between simulation outcomes and reality. With the advent of
technologies such as 3D laser scanning, digital close-range photogrammetry, computer
visualization, big data, and digital twins, cultural heritage protection has entered an era
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of digitization and information technology (Li, Johari et al., 2019; Li, Xin et al., 2015;
Feng et al.,, 2020). Reverse modeling of cultural relics based on point cloud data
obtained from 3D laser scanning and digital close-range photogrammetry can generate
accurate geometric information, providing a reliable basis for numerical simulation of
cultural relics.

This paper presents a method for constructing finite element models for grottoes
using 3D laser scanning technology to capture the three-dimensional point cloud data
of grottoes and establish high-precision three-dimensional solid finite element models.
To investigate the long-term stability and seismic performance of grottoes under the
influence of earthquakes, we will analyze the stress distribution, plastic strain,
deformation characteristics, and peak acceleration of grottoes under frequent and rare
earthquake conditions. The results of this analysis are of great significance for seismic
performance analysis, stability assessment, and the preventive protection of similar
grottoes.

2. MATERIALS AND METHODS

2.1 Materials, Hardware Equipment, and Software

A specific cave, characterized by a hoof-shaped plan, was selected as the
prototype for reverse modeling. The cave dimensions are 12.5 meters in length (East-
West, X-direction), 8.7 meters in width (South-North, Y-direction), and 15.2 meters in
height (Z-direction). The Buddha statue within the cave measures 13.5 meters in length,
and the window dimensions are 3.95 meters in length, 0.56 meters in width, and 5.0
meters in height. To acquire the point cloud data of the cave and Buddha, a handheld
3D laser scanner from Lecia was utilized. The subsequent finite element model was
constructed using a suite of software tools, including Geomagic, CAD, ANSYS,
Hypermesh, and ABAQUS.

2.2 Reverse Modeling of Finite Element Model
The reverse modeling process of the finite element model involves converting
points into lines, connecting lines into planes, and assembling planes into a three-
dimensional body. The model is then meshed and imported into finite element software
for analysis. The technical workflow is illustrated in Figure 1.
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Fig. 1 Technical roadmap for reverse modeling of finite element model

2.2.1 Point Cloud Processing
The point cloud processing was conducted in two stages: point cloud
encapsulation and mesh repair (Zhe et al., 2013). Initially, Geomagic was employed to
encapsulate the denoised point cloud, with the maximum number of triangles set to 1.5
times the number of points. Subsequently, the encapsulated model was refined using
Geomagic's "Mesh Doctor" tool to eliminate sharp edges and fill model defects with the
"Fill Single" function. The processed model is depicted in Figure 2a.
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2.2.2 Extraction of Contour Lines and Coordinate Points
The "Curve" function in Geomagic was utilized to extract contour lines and
coordinate points from the refined model. The X-Y plane was used as the section, with
the Z direction as the position degree and a spacing of 0.5 meters to intercept the
contour lines of the cave surface, as shown in Figure 2b. Points were then created on
the contour lines at 0.1-meter intervals, and the coordinate points were saved as a DXF
file compatible with CAD software.

2.2.3 Surface Domain Fitting
The DXF file was imported into CAD, where the "Spline" function was used to
connect coordinate points within the same height range to generate plane domains. To
ensure closure of the domains, boundary lines were created on both sides and behind
the point cloud model, forming closed curves within the same height range, as shown in
Figure 2c. The generated domains were saved as a SAT file compatible with ANSYS.

2.2.4 ANSYS Modeling

The SAT file was imported into ANSYS, and the model was constructed using the
"point - line - surface - body" method. Curves were used to connect endpoints at the
same height, and the corresponding curves on the upper and lower surfaces were
connected vertically. Six surfaces within the same height unit were then assembled into
a solid entity, as shown in Figure 2d. Similar procedures were followed to join entities
within multiple height units, and all entities were combined into a single entity using
boolean operations. The entity model was saved as an IGES file compatible with
Hypermesh.

2.2.5 Finite Element Mesh Generation

Given the complexity of the grotto geometry, meshing directly in ANSYS was
challenging. Hypermesh was therefore used for preprocessing, offering robust meshing
capabilities and compatibility with multiple finite element software interfaces. The
element type was selected with care to ensure accurate calculation results. Due to the
complex topology of the grotto and Buddha statue, hexahedral elements were avoided
to prevent mesh degradation, which could affect convergence. Instead, element sizes
of 1 meter for the grotto and 0.3 meters for the Buddha were chosen, resulting in a total
of 111,825 meshes (Figure 2e). Mesh files were saved as INP files compatible with A.

2.2.6 Model Calculation

ABAQUS is renowned for its robust capabilities in solving nonlinear geotechnical
problems. Compared to ANSYS, ABAQUS often exhibits better convergence during
calculations. It offers a variety of geotechnical constitutive models (Bruschi et al., 2021),
and its multi-load step settings more closely mimic real-world conditions.

The INP file, generated in the previous steps, was imported into ABAQUS for
assembly. A cuboid was positioned at the base of the grotto to simulate the foundation,
as depicted in Figure 2f. The detailed parameter settings for the ABAQUS calculations
are outlined in Section 2.3.
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Figure 1. The process of reverse modeling of finite element model, (a) Point cloud
processing, (b) Extraction of contour lines and coordinate points, (c) Surface domain
fitting, (d) ANSYS modeling, (e) Finite element mesh generation, (f) The finite element
model.

2.3 The Settings of Finite Element Model

2.3.1 Selection of Seismic Waves
In accordance with the provisions of the Chinese Code for Seismic Design of
Buildings, the seismic precautionary intensity for the region housing the grottoes is
categorized as degree VI. The design parameters for ground motion include a basic
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acceleration of 0.15g, a design earthquake group of the 2nd category, and a site
classification of class 1. For this simulation, the peak accelerations of the seismic
events are set at 0.12g and 0.72g, corresponding to frequent earthquakes (with a 63.5%
probability of exceedance in 50 years) and rare earthquakes (with a 2% probability of
exceedance in 50 years), respectively.

To simulate these seismic conditions, the Taft (1952, Taft Lincoln School) and
Santa Barbara (1952, Santa Barbara Courthouse) seismic waves were selected from
the PEER NGA WEST strong earthquake database. Using these ground motion
parameters and the target-spectrum fitting method, artificial seismic waves were
synthesized. Additionally, the selected seismic waves underwent three processing
steps: filtering, baseline correction, and amplitude modulation (Park & Kishida, 2019).
The processed seismic waves are illustrated in Figure 3.

Frequent earthquake |

***** Rare carthquake

Acceleration (m/s’)

1
0 5 10 15 20

Time(sec)

(a)

Frequent earthquake
***** Rare earthquake

. 2
Acceleraation (m/s”)
oo (=21 - D (=] [3¥] £ (=2 o0

- L L !
0 5 10 15 20

Time(sec)

(b)



The 2025 World Congress on
Advances in Structural Engineering and Mechanics (ASEM25)
BEXCO, Busan, Korea, August 11-14, 2025

Frequent earthquake 4
----- Rare earthquake
|

. o |
L | | | oL

[ -
T T T T

Acceleration(m/s’)

o & L

Time(sec)

(c)

Figure 2. The adjusted acceleration time history curve, (a) Taft, (b) Santa, (c) Artificial
seismic wave.

2.3.2 Material Properties
The physical and mechanical properties of the materials used in the model were
determined based on relevant experiments and literature on grottoes. These properties
are summarized in Table 1. It is also essential to consider damping during seismic
analysis, although accurately determining structural damping can be challenging. In this
study, Rayleigh damping was employed for assessment, which is defined as follows
(Rahman & Gupta, 2020):

(1)

1 a1
=— (=)= fo
: 2 o, 2ﬂ ’

(2)

Where ¢ represents the modal damping ratios, with a value of 0.05. a and B are the
mass and stiffness damping coefficients, respectively. wa and wp are the first two
natural frequencies.

ABAQUS is used to calculate the first two circular frequencies of the model, whose
value are 18.46 and 60.31, respectively. According to formula (1) (2), the a and B are
calculated to be 1.41, 0.0013, respectively.

Table 1. Physical and mechanical properties of rock mass

. Young . . Friction Compressive Tensile
Density Poisson Cohesive
(kg-m™) modulus ratio (MPa) angle strength strength
9 (MPa) (°) (MPa) (MPa)

2490 3494 0.22 1.0 32 30 10
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2.3.3 Load and Boundary Conditions

The analysis considers three primary loading conditions: gravity, frequent
earthquake, and rare earthquake. Gravity is applied as a global gravitational load, while
frequent and rare earthquakes are simulated using seismic waves applied in the X-
direction of the model.

In the static analysis, the grotto model is bound to the lower foundation platform.
The upper boundary of the model is free, while the bottom boundary is fully constrained
from moving in both horizontal and vertical directions. The two sides (east-west) of the
model are constrained from moving in the X-direction, and the back boundary is
constrained from moving in the Y-direction. The front boundary, which includes the
platform part, is constrained from moving in the Y-direction.

During the seismic analysis, the boundary conditions remain the same as in the
static analysis, with the exception that the constraints on the X-direction movement of
the two sides (east-west) of the model are released to allow for lateral displacement
during the simulated seismic events.

2.3.4 Mohr-Coulomb Criterion
The dynamic implicit module of ABAQUS is employed for the calculations,
assuming that the materials in the model exhibit elastoplastic behavior. The Mohr-
Coulomb criterion is utilized to assess rock mass failure, which is defined by the
following equations (Bahmani, Abedi & Clarke, 2019; Li, Ma et al., 2006):

ﬁ=a;%gN;+&Vm§
3)

ft:63 -0’
(4)
1+sin @
N, = -
1—-sing

(5)
Where o1 is the maximum principal stress, o3 is the minimum principal stress, @ is

the friction angle, c is the cohesive force, and ot is the rock tensile strength.
According to the Mohr-Coulomb criterion, shear failure will occur in the rock mass if:

o,—o,tanp+c =0,

(6)
Alternatively, tensile failure will occur if:

o,—oytanp+c<o,
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These equations are critical for determining the failure modes of the rock mass
under the applied loads, whether due to shear or tensile stresses.

3. RESULTS AND DISCUSSION

3.1 Static Results and Discussion

Figure 4a presents the Mises stress distribution within the grotto model under the
influence of gravitational forces. The analysis indicates that the highest stress
concentration is located at the arch foot of the grotto, with a value of 3.038 MPa.
Furthermore, the arch foot, the rock mass flanking the window, the base of the Buddha
statue, and the aisle exhibit significantly higher stress levels than other areas,
suggesting localized stress concentrations. Based on experimental and literature data
on grotto materials, the compressive strength of the grotto is 30 MPa. Therefore, the
stress observed in each part of the grotto is substantially lower than its material
strength, confirming that the grotto remains in a safe state under gravitational loads.
Figure 4b illustrates the deformation pattern of the grotto, with the maximum
deformation occurring at the apex, measuring 3.343 mm.

S, MJ;'& U, Magnitude
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+0.000e+00
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Figure 3. Stress and displacement nephogram of grottoes, (a) Mises stress nephogram,
(b) Displacement nephogram.

3.2 Seismic Response Results and Discussion
In accordance with the Code for Seismic Design of Buildings, the calculated results
from the three seismic waves are suitable for the envelope analysis of the time-history
method. To facilitate the analysis of seismic response, three monitoring points were
selected on the grotto, as depicted in Figure 5. Points A1, A2, and A3 are located at the
top of the platform, the Buddha statue, and the grotto, respectively.
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Figure 4. Layout of monitoring points

3.2.1 Stress and Strain

Figure 6a illustrates the plastic strain distribution within the grotto model under
seismic conditions. Under frequent earthquake scenarios, no plastic deformation is
observed in the grotto model, indicating that the grotto remains undamaged.
Conversely, under rare earthquake conditions, plastic deformation occurs in the window,
arch foot, rock mass on the east side, aisle, and base of the Buddha statue, suggesting
that these areas have been compromised.

To investigate the failure mode of the grotto under seismic influence, the Mohr-
Coulomb criterion was employed, and formulas (3) to (5) were utilized for assessment.
Figures 6b and 6c¢ depict the distribution of the maximum and minimum principal
stresses, respectively. The maximum stress in most areas of the grotto is negative
(compressive), while the minimum stress is positive (tensile). Consequently, fs is
generally less than zero, indicating shear failure in these areas. When the minimum
stress is tensile, its maximum value is 8.659 MPa, which is less than the tensile
strength of the grotto. Thus, ft is less than zero, and no tensile failure occurs. In
summary, the primary damage to the grotto is attributed to shear failure rather than
tensile failure.
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Figure 5. Stress and strain of grotto under rare earthquake, (a) Distribution of plastic
strain, (b) The maximum principal stress, (c) The minimum principal stress.

3.2.2 Acceleration
Figures 7a and 7b display the time-history curves of acceleration in the X-direction
for the monitoring points under seismic conditions. The acceleration of the monitoring
points fluctuates with time, reaching peak values at 3.8s, 6.7s, 8.2s, 9.9s, 11.1s, and
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12.6s, corresponding to the input motion. Under frequent earthquake conditions, the
maximum acceleration of the grotto model is 3.94 m/s?, an amplification compared to
the input of 1.176 m/s2. Under rare earthquake conditions, the maximum acceleration is
18.41 m/s?, amplified from an input of 7.056 m/s2.

An analysis of the three monitoring points reveals that the rock mass significantly
amplifies the input motion, with response acceleration increasing gradually with
elevation. This is attributed to the complex topological relationship of the grotto,
featuring multiple free faces that cause seismic waves to reflect and superimpose
within the rock mass, enhancing the amplification effect. Consequently, it is imperative
to enhance the frequency of daily inspections of the grotto and implement continuous
monitoring of grotto acceleration when necessary.
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Figure 6. Time-history curve of acceleration in X - direction of monitorings point under
the effect of earthquake, (a) Frequent earthquake, (b) Rare earthquake.

3.2.3 Displacement
Figures 8a and 8b depict the time-history curves of displacement in the X-direction
for the monitoring points under seismic conditions. The response displacement of each
monitoring point increases progressively with elevation. Under frequent earthquake
conditions, the displacement of monitoring points exhibits fluctuations with time,
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reaching peak values at 3.8s, 6.7s, 8.2s, 9.9s, 11.1s, and 12.6s, which correspond to
the input motion. The maximum displacement of the grotto model is 8.3 mm, occurring
at the top. Under rare earthquake conditions, peak displacements are observed at 3.8s,
6.7s, 8.2s, and 9.9s, corresponding to the input motion. However, after 9.9s, the time-
history curve of displacement predominantly exhibits a negative trend, indicating that
the grotto has been compromised under the influence of rare earthquake conditions,
leading to a reversal in the direction of displacement.
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Figure 7. Time-history curve of displacement in X - direction of monitoring points under
the effect of earthquake, (a) Frequent earthquake, (b) Rare earthquake.

3.2.4 Comparison and Analysis
reveals several key characteristics, as depicted in Figure 9, which illustrates the
variation trends of response acceleration and displacement at each monitoring point
under both working conditions.

1. The stress within the grotto increases proportionally with the amplitude of the
input seismic motion.

2. The primary mode of damage to the grotto under seismic conditions is shear
failure, as evidenced by the plastic strain distribution and the Mohr-Coulomb
criterion analysis.

3. The degree of plastic deformation within the grotto is directly related to the
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amplitude of the input seismic motion. Under frequent earthquake conditions, the
absence of plastic deformation indicates no significant damage to the grotto. In
contrast, under rare earthquake conditions, plastic deformation is observed in
critical areas such as the window, arch foot, and the lower rock mass on the east
side, suggesting localized damage.

4. The response acceleration and displacement of the grotto exhibit a linear
relationship with the amplitude of the input seismic motion. The maximum
acceleration during rare earthquake conditions is 4.67 times that observed
during frequent earthquake conditions, while the maximum displacement is 6
times greater. This amplification effect highlights the vulnerability of the grotto to
more intense seismic events.

In conclusion, the grotto's response to seismic events is characterized by a direct
correlation between input motion amplitude and stress levels, a propensity for shear
failure under seismic loading, and a progressive increase in plastic deformation with
increasing seismic intensity. The findings emphasize the necessity of considering both
frequent and rare earthquake scenarios in seismic safety assessments for grottoes, as
the latter can lead to more severe and potentially catastrophic damage.

0.07

T T
#=— Frequent carthquake A

= Frequent earthquake 4 Rare earthquake

4— Rare carthquake 0.06 [

0.05 *
P .

)]

0.04 |

0.03 |-

Displacement (m

Acceleration (m/s®)

=
51

0.01 [

0 o \ , 0.00
Al A2 A3

Monitoring points Monitoring points

(a) (b)

Figure 8. Comparison diagram of dynamic response under different working conditions,
(a) Peak acceleration, (b) Peak displacement

4. MONITORING SUGGESTIONS FOR GROTTOES

In recent years, numerous heritage sites featuring grottoes have established
cultural relic protection units, which serve as platforms for the preservation, research,
and exhibition of these invaluable sites, as well as for the monitoring of their condition.
The development of finite element models not only aids in evaluating the stability of
grottoes but also provides critical data and technical support for ongoing monitoring
efforts. Based on the findings of this study, the following three recommendations are
proposed for the daily monitoring of grottoes.

4.1 Enhanced Long-Term Stability Monitoring

It is imperative for cultural relic protection units to reinforce the long-term stability
monitoring of grottoes. The numerical simulations conducted in this study indicate that
grottoes maintain stability under gravitational and frequent earthquake conditions.
However, under the impact of rare earthquakes, plastic deformation is observed in
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critical areas such as the window, arch foot, rock mass on the east side, aisle, and
base of the Buddha statue, leading to plastic failure. Field investigations have revealed
the presence of visible cracks on the walls and ceiling of grottoes, with rock mass
exhibiting potential instability due to fracture cutting and free action. To monitor the
progression of these cracks, crack sensors should be installed in the existing fissures.
Additionally, Total Station and 3D laser scanners can be employed to monitor
deformation through the establishment of observation points on rock walls, the top of
the Buddha statue, and other strategic locations. Stress and strain gauges can be
placed in vulnerable areas such as the window, arch foot, east rock mass, aisle, and
base of the Buddha to monitor stress development. The establishment and operation of
a comprehensive grotto stability monitoring system will facilitate the integration and
timely feedback of monitoring information, enabling early hazard identification and
prediction, and the rapid formulation of prevention and control strategies. This is of
paramount importance for disaster mitigation and the long-term preservation of heritage
sites.

4.2 Focus on Vulnerable Parts under Seismic Influence

Attention should be directed towards the seismic response of vulnerable parts of
grottoes. The numerical simulations highlight stress concentration and plastic
deformation in the arch foot, window, rock mass on both sides, aisle, and base of the
Buddha statue, which can lead to rock mass instability. Additionally, rock falls are
observed in the cave tunnel and the ground beneath the window. To assess the
weathering degree of rock mass in key areas, roughness instruments can be utilized.
The damage degree and strength of vulnerable parts can be evaluated using rebound
testers and ultrasonic technology, providing essential data for health monitoring,
reinforcement, and maintenance of grottoes in the future.

4.3 Strengthened Vibration Monitoring

Cultural relic protection units should also enhance vibration monitoring caused by
both seismic events and human activities. The numerical simulations indicate that the
top of the grotto experiences significant acceleration and displacement responses, with
maximum values reaching 18.41 m/s? and 0.066 m, respectively. Under rare
earthquake conditions, plastic deformation in the window, arch foot, east rock mass,
aisle, and base of the Buddha statue results in permanent damage to the grottoes. To
investigate the propagation of seismic (vibration) effects on grottoes and their impact on
stability, it is recommended to install wireless vibration sensors at the bottom and top of
grottoes, the base of the Buddha statue, and the crown. To minimize damage to the
grottoes during instrument installation, sensors should be secured at monitoring points
using fitting techniques. It is suggested that subsequent work be based on field
monitoring, including dynamic stability analysis and calculations for key objects,
analysis of internal force variation rules under dynamic loads, identification of potential
danger surfaces for internal damage, and the provision of theoretical support for hazard
control and cultural relic preservation.

5. CONCLUSIONS
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This study has successfully achieved the reverse modeling of grottoes utilizing 3D
laser scanning data, simulating their structural response under three distinct working
conditions: gravity, frequent earthquakes, and rare earthquakes. Furthermore, it has
proposed several monitoring recommendations for grotto preservation. The following
key conclusions are drawn:

1. The reverse modeling of grottoes using point cloud data from 3D laser scanning,
in conjunction with software such as Geomagic, CAD, ANSYS, Hypermesh, and
ABAQUS, has enabled the creation of a fine model and finite element analysis.
The simulation results correlate well with the actual conditions of the grottoes,
demonstrating the feasibility of this reverse modeling approach.

2. ABAQUS software has been employed to simulate the structural response of
grottoes under the aforementioned conditions. The findings reveal that grottoes
remain stable under gravitational loads. Under seismic conditions, shear failure
is the predominant failure mode. While no plastic deformation is observed in
grottoes under frequent earthquakes, plastic deformation occurs in the window,
arch foot, east rock mass, aisle, and base of the Buddha statue under rare
earthquake conditions. The plastic damage increases progressively with the
amplitude of the input earthquake, leading to a corresponding increase in stress,
response acceleration, and response displacement of the grotto.

3. The stability of grottoes necessitates ongoing monitoring and research. Based
on the current state and numerical simulation of the grottoes, three protective
measures have been suggested: (1) Cultural relic protection units should
enhance long-term stability monitoring of grottoes. (2) Special attention should
be given to the seismic response of vulnerable parts of grottoes. (3) Vibration
monitoring caused by seismic events and human activities should be intensified.

Despite the advancements made in this study, several areas require further
investigation. The selection of point cloud data is not limited to 3D laser scanning;
alternative sources such as Total Station, close-range photogrammetry, UAV telemetry,
and others are also viable. The simulation of grottoes currently does not account for the
influence of fissures, seepage, and initial ground stress, which may introduce some
inaccuracies. In ABAQUS dynamic simulations, the proportionality coefficient of
Rayleigh damping is calculated based on empirically derived rock mass damping ratios,
which may not guarantee the highest level of accuracy. Additionally, the rationality of
dynamic boundary conditions in seismic simulations could be improved to better align
with real-world scenarios. These aspects represent opportunities for future research
and refinement of the modeling and analysis techniques for grotto preservation.
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