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The Yungang Grottoes, a World Heritage Site in Datong, consist of 252 caves that are noted for their collection of 5th- and 6th-
century Buddhist grotto sculptures and reliefs. Various diseases have appeared in the grottoes under the general influence of
natural and artificial factors. Bolt support is a commonly employed method for grotto reinforcement and has been widely applied
in many projects. Small-diameter bolts have also been used in the reinforcement projects at the Yungang Grottoes, but the
corresponding effect on the seismic performance of grottoes is still unclear. In this paper, a dynamic analysis via the numerical
modelling of an ear grotto of the 19th grotto in Yungang is established, and the rock displacement, acceleration, and bolt axial
force responses under a seismic wave are analyzed. The results show that the seismic dynamic responses of grottoes are greatly
affected by the cliff structure. The displacement and acceleration responses of the cliff body vary greatly within the abrupt
transition of the cliff structure. Based on this variation, the seismic capacity of small-diameter bolts in the vertical direction is
greater than that in the horizontal direction. The axial force of a bolt is small at both ends of the bolt, large in the middle of the bolt,
small on the top of a cliff, and large at the bottom of the cliff. Although the axial force is small, the upper rock mass of the grotto has
a tendency to undergo relative movement compared with the outer rock mass. The results also indicate that based on the structural
defects in the vertical direction of the cliff body caused by grotto excavation, the inclined angle of the bolt should be increased as
far as possible or vertical support should be adopted to enhance the stability of the rock mass at the top of the grotto.

1. Introduction

A grotto cliff body is a special kind of artificial rock slope that
is usually dug on the edge of a cliff body. This digging causes
cliff bodies to become steep inclined slopes with large in-
clined angles that are nearly vertical to the ground. As in-
vestigated, grottoes have irregular shapes and a variety of
statues [1]. After years of weathering and human destruc-
tion, cracks have appeared in rock masses of grottoes, which
tend to produce more diseases [2-4].

Investigation shows that the collapse and destruction of
numerous grottoes are related to earthquakes, especially in

areas with strong seismic activity. Historically, grotto
temples, as permanent cultural relics, are always at the risk of
earthquakes. As recorded, nearly 70% of grotto temples in
China were destroyed because of their location in high-
intensity and earthquake-prone areas [1]. For example, the
Tiantishan Grottoes in Wuwei, Gansu Province, China, were
seriously damaged in the Wuwei Earthquake (1927), which
caused the collapse and irreversible destruction of numerous
grottoes, while the nearby unexcavated mountain did not
experience major damage, and no large cracks appeared. The
overall situation is still being mitigated. This case shows that
the existence of the grottoes has a substantial impact on the
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stability of the mountain structure, and the destruction of
the grottoes by the earthquake is disastrous. Therefore, an
investigation of the seismic safety of grottoes is critical to
reduce the impact of earthquake disasters.

Anchoring can strengthen and reinforce the weak or
broken rock and soil mass with materials that have relatively
large stiffness; it substantially improves the self-stability of
the rock and soil mass, which stabilizes the engineering
structure [5, 6]. Bolts have been widely applied in rock and
soil mass support engineering, including grottoes [7]. Many
research achievements on bolt seismic reinforcement have
been made, but most of them were developed by analyzing
the slope, underground chamber, and tunnel reinforcement
engineering. These previous studies cannot fully illustrate
the seismic mechanism of grottoes because these rock
heritages are more unstable than the slope and more open
than the underground chamber; they also have more di-
mensions and characteristics than tunnels. Logically, the
seismic analysis of grottoes is quite different from that of
slopes, underground chambers, and tunnels.

In the reinforcement and protection project of the
Yungang Grottoes, small full-length bonded bolts have been
installed in many spots. Practically, small-diameter bolts can
improve the integrity of fractured rock mass and cause few
disturbances to the cultural relic body. However, an eval-
uation system or method for the aseismic effect of a small
anchor on the grotto rock is lacking. To explore the aseismic
effect on the cliff bodies of grottoes, the ear grotto of the 19th
grotto in Yungang was adopted as a research target, in which
a numerical model of grottoes and anchoring were estab-
lished. By this study, the seismic effect and principle of
reinforcing rock grottoes with small bolts are analyzed by
numerical calculation under dynamic action.

2. Rock Slope Analysis Model

2.1. Grotto Overview. The Yungang Grottoes in Datong city,
Shanxi Province, represent the outstanding achievement of
Buddhist art in China in the 5th and 6th century, with 252
caves and 51,000 statues. The Yungang Grottoes, Mogao
Grottoes in Dunhuang, and Longmen Grottoes in Luoyang
are known as China’s three largest ancient grottoes; they are
famous as world cultural heritages. Under the action of long-
term natural forces, the surrounding rock of these grottoes
has suffered numerous serious geological diseases [8-10].
The total protection area of the Yungang Grottoes is
approximately 3.6 km?, with the Shili River in the south and
low hills in the north. The geographical terrain of the
grottoes is slightly undulating, with a maximum height
difference of approximately 55 m. The geomorphologic types
of the grottoes can be generally divided into two forms: a
high platform structure with denudation in the low hills at
the top of the Yungang Grottoes and valley erosion accu-
mulation on the terrace of the Shili River [11]. The grotto
rock mass has moderate softness and hardness, which is
suitable for carving, but has poor resistance to weathering.
The composition of the 19th grotto consists of grayish-white
medium sandstone on the top of the grotto with a distri-
bution between 4 and 5 m; medium sand and fine sandstone
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with mudstone and sandy mudstone in the interlayer with a
distribution between 5 and 10m; and light brown and
grayish-white medium sand and fine sandstone 10 m above
the grotto [12, 13]. The geological section of the grotto cliff
body is shown in Figure 1. To obtain the calculation pa-
rameters of the rock mass that occurs in the grottoes, four
types of rocks were taken from the same stratum of the
mountain near the grottoes (Figure 2(a)), and the rocks were
cut into samples for test (Figure 2(b)). The physical and
mechanical parameters of the rock mass were obtained by
experiments (Figures 2(c) and 2(d)). The parameters of the
rock mass that occurs in the grottoes are shown in Table 1.

The 19th grotto of the Yungang Grottoes is one of the
most representative grottoes at the research site. The main
cave is oval in shape, with a vault roof, a door, and clear
windows. The height of the seated Buddha in the main cave
is 16.8 m, and it is the second highest statue in the Yungang
Grottoes. One ear grotto is cut approximately 5m from the
ground to the east and west of the grotto, in which a sitting
statue with a height of 8 m is carved. The research object of
this paper is the west ear grottoes and their cliff bodies, as
shown in Figure 3(a). After an earthquake, the fore wall of
the 20th grotto and the west ear grotto of the 19th grotto
collapsed. Part of the cave wall between the ear grotto and
the main grotto is relatively thin, and there is a broken hole
on the cave wall, as shown in Figure 3(b). The thinnest part is
less than 10 cm; the cause of this damage is unknown.

2.2. Calculation Model and Boundary Conditions. In previ-
ous research, the time-history analysis of the seismic dy-
namics of the grottoes’ cliff bodies is relatively rare. Grottoes
are usually reduced to regular caves, while the statues in
grottoes are large in size and irregular in shape, which affect
the stress distribution of their cliff bodies. The geometries of
the grottoes may have greater influence on the dynamic
response under dynamic action. Therefore, the shapes of the
statues in the grottoes should not be disregarded in the
dynamic response analysis of the grottoes’ cliff bodies, and
the morphologies of the grottoes should be reflected in the
model for better observation or modelling. The three-di-
mensional model of the grottoes’ cliff bodies is established,
and the three-dimensional point cloud of the facade and the
inner main grotto walls of the grottoes’ cliff bodies are
obtained. The finite element software ANSYS is employed
for auxiliary modelling, and the model is imported into
FLAC3D for calculation. The built model is shown in
Figure 4(a). The total height of the model is 29.25 m; the east-
west (X-axis direction) width is 12.12 m; the north-south (Y-
axis direction) length is 20m; and the model has 48,029
nodes and 255,463 units. Because the cracks in the grottoes’
cliff bodies have been treated by grouting, the influence of
cracks is not considered in this model.

2.3. Anchorage Design and Calculation Parameters. Small
bolts are applied to reinforce the upper rock mass of the ear
grottoes, as shown in Figure 4(b). A full-length bonded bolt
is adopted for support: the length of the bolt [=7m;
transverse and vertical spacing D=2m; angle=10% bolt
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FiGure 1: Typical geological section profile of the study area.

FIGURE 2: Rock mechanics experiment: (a) primary sample, (b) sample cutting, (c) rock shear test, and (d) uniaxial compression experiment.

diameter r=12 mm; and design load is 40 kN. From the left ~ total of 20 small bolts. For the convenience of analysis, 5
boundary of the model, a row of bolts was installed with an  rows of bolts were numbered as groups X1 to X5 from left to
interval of 2m, 5 vertical rows, 4 bolts in each row, and a  right along the x-axis. From low to high along the elevation
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TaBLE 1: Physical and mechanical parameters of the rock mass in the grottoes.

Rock tvpe Density Elasticity modulus Poisson’s Cohesion Internal friction Tensile strength
typ (g°cm_3) (GPa) ratio (MPa) angle (°) (MPa)

Gray-white 216 27.90 0.198 1.0 30.45 5.39

sandstone

Light brown 2.55 23.70 0.144 0.8 32.13 1.25

sandstone

Argillaceous 1.79 13.39 0.298 0.5 14.07 0.01

siltstone

Mudstone 1.71 8.29 0.280 0.3 13.13 0.02

(a)

FIGURE 3: (a) Western ear grotto of the 19th grotto in Yungang. (b) Damage to the thin wall between the ear grotto and the main grotto.

(a) (b)

FIGURE 4: Numerical model: (a) numerical model of the unanchored grotto and mesh generation; (b) schematic of bolt support design.
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direction, the bolts were numbered as groups Z1 to Z4.
According to the position, the bolts could be numbered as
group XZ, in which X and Z represent the x-direction of the
bolts and the z-direction of the bolts, respectively.

2.4. Cable Structural Elements. Structural units provided
for anchor/cable simulation in FLAC3D include Cable
and Pile [14]. The axial stress of the small bolt, which has
a small diameter and a weak bending resistance, is
considered. Therefore, a cable is chosen to simulate the
anchor rod within the research. Each cable structural
element is defined by its geometric, material, and grout
properties. CableSEL is assumed to be a straight segment
of uniform cross-sectional and material properties that is
located between two nodal points. An arbitrarily curved
structural cable can be modeled as a curvilinear structure
that is composed of a collection of cableSELs. CableSEL
behaves as an elastic-perfectly plastic material that can
yield in tension and compression but cannot resist a
bending moment.

Each cableSEL has a unique coordinate system, as shown
in Figure 5, to define the average axial cable direction. The
cableSEL coordinate system is defined by the locations of its
two nodal points, which are labeled 1 and 2. The cableSEL
coordinate system is defined as follows:

(1) The centroidal axis coincides with the x-axis
(2) The x-axis is directed from node 1 to node 2

(3) The y-axis is aligned with the projection of the global
y- or x-direction (whichever is not parallel with the
local x-axis) onto the cross-sectional plane

The two active degrees of freedom of the cable finite
element are shown in Figure 5. For each axial displacement
shown in the figure, there is a corresponding axial force. The
stiffness matrix of the cable finite element includes a single
degree of freedom at each node, which represents axial
action within a cable structure.

Naturally, the shear behavior of the cable-rock interface
is cohesive and frictional. Within this model, the system is
conceptualized and represented numerically as a spring-
slider system that is located at the nodal points along the
cable axis. In evaluating the axial forces that develop in the
reinforcement, displacements are computed at the nodal
points along the reinforcement axis, as shown in Figure 6.
Out-of-balance forces at each node are computed from the
axial force in the reinforcement, and the shear forces con-
tributed via the shear interaction along the grout annulus.
Axial displacements are computed by integrating the nodal
accelerations using the out-of-balance axial force and a mass
that is lumped at each node.

In the calculation of anchoring, the grotto model without
anchoring is analyzed, and the boundary conditions of
dynamic-static force, monitoring point setting, and input
seismic waves remain the same as the original model. Only
the bolt element is added to the upper rock mass of the
original model. The material parameters of the small bolt in
the model are shown in Table 2.

FIGURE 5: CableSEL coordinate system and 2 active degrees of
freedom of the cable finite element.

Axial stiffness
of steel

Reinforcement
nodal point

Slider
(cohesive strength of grout)
Spring

(shear stiffness of grout)

FIGURE 6: Mechanical representation of fully bonded reinforcement.

2.5. Boundary Conditions and Seismic Waves. Numerical
analysis of the seismic response of surface structures, such as
dams, requires the discretization of a region of the material
adjacent to the foundation. The seismic input is normally
represented by plane waves that propagate upward through
the underlying material. The boundary conditions at the
sides of the model must be accounted for in the free-field
motion that exists in the absence of the structure. These
boundaries need to be placed at distances that are sufficient
for minimizing the wave reflections and achieving free-field
conditions. To apply the free-field boundary in FLAC3D
(Figure 7), the model should be oriented such that the base is
horizontal, its normal is in the direction of the z-axis, the
sides are vertical, and their normals are in the direction of
either the x- or y-axis.

The Kobe seismic wave with a maximum positive ac-
celeration of 2 m/s* is selected as the input seismic wave in
the calculation of the seismic force within the grotto cliff
body. The duration of the seismic wave is 18s, and the
preeminent frequency range is 1-3 Hz. The input direction is
positive in the y-axis. The time-history curve of acceleration
is shown in Figure 8.

2.6. Monitoring Stations. To facilitate the subsequent anal-
ysis and generate the final calculation results, monitoring
points were established before processing the calculation.
The distribution of the monitoring points is shown in
Figure 9. A total of 38 monitoring points in three group-
s—E1-E12, M1-M14, and W1-W12—were set up along the
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TABLE 2: Material parameters of the small bolt.

Modulus of elasticity (GPa) Yield load (kN) Bond stiffness (N/m?) Bond strength (N/m) Anchor bar diameter (mm)

Anchor hole
diameter (mm)

200 300 1.0x10°

2x108 12 30

;

Free field
,Jr.‘

Free field

{
2

i

%”J%

Seismic wave

FIGURE 7: Model for seismic analysis of surface structures and free-field mesh.

Acceleration (ms™2)
IS)
.

10 12 14 16 18

Time (s)

FIGURE 8: Input seismic wave of the model.

elevation at different x-coordinates of the model facade, as
shown in Figure 9(a). A group of 12 monitoring points were
set up along the elevation of the inner wall of the model,
namely, the wall of the main grotto, as shown in Figure 9(b).

3. Analysis Results

3.1. Displacement Response. To analyze the influence of the
small bolt support on the horizontal seismic permanent
displacements of grottoes, the y-direction relative dis-
placement-time history curve of the small bolt support is
compared with the bolt-free support of the grotto cliff body
at some monitoring points (consider group M’s monitoring
points as an example), as shown in Figure 10(a).

On the position of different monitoring points, the final
horizontal displacement of the anchored cliff is larger than
that of the unanchored cliff, as shown in Figures 10(b)-
10(d). For monitoring point M9 (Figure 10(c)), where the
difference in the displacement between the two points is
relatively large, the final horizontal relative displacement of
the unanchored cliff body is —29.57 mm and the anchored
cliff body is —29.95mm. After anchoring, the horizontal
relative displacement of the cliff body increases by 0.38 mm,
which is approximately 1.29%; this increase can be con-
sidered negligible.

Under the support of small bolts, the horizontal dis-
placement of the seismic response of the grotto cliff body

increases slightly because of the difference in the seismic
wave propagation caused by the improvement in the in-
tegrity by anchoring the rock mass. The difference between
the anchored rock mass and the unanchored rock mass is
almost negligible; the support of small bolts has almost no
influence on the y-direction displacement response of the
grottoes under the action of earthquake. This finding in-
dicates that the small bolts have no clear function in re-
ducing the permanent displacement of the cliff body in the
horizontal direction.

Although only the axial force is considered in the cal-
culation process of the cable unit, there is a certain angle
between the anchor bolt and the horizontal displacement
with a reflection of the effect on the vertical displacement of
the cliff body. To analyze the effect of the bolt support on the
settlement of grottoes in the z-direction, the uneven set-
tlement of the rock inside and outside the top of the model is
compared before and after anchoring, as shown in Figure 11.
For the majority of the seismic action, the settlement value of
the anchored cliff is less than that of the unanchored cliff.
The largest difference between the anchored cliff and the
unanchored cliff occurs when the seismic action lasts for
7.654 s. The uneven settlement of the unanchored cliff body
and anchored cliff body is 12.180 mm and 9.437 mm, re-
spectively, which is a reduction of 22.52%. At the end of the
seismic action, the uneven settlement of the unanchored clift
and anchored clift was 32.970 mm and 31.593 mm, which is a



Advances in Civil Engineering 7

(@ (b)

FI1GURE 9: Distribution of monitoring points: (a) a total of 38 monitoring points were set up in groups E, M, and W on the model facade; (b)
inner wall monitoring points were set up with a group of 12 monitoring points.
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Figure 10: Continued.
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M4 with and without anchoring; (c) local magnification of relative horizontal displacement-time history at monitoring point M9 with and
without anchoring; (d) local magnification of relative horizontal displacement-time history at monitoring point M13 with and without

anchoring.
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FiGure 11: Uneven settlement curves of grottoes with and without anchors.

reduction of 1.377mm or 4.18%. Therefore, for different
moments of earthquake action, the effect of the anchor on
the uneven settlement of the cliff body is inconsistent. By
comparison, the effect of the anchor on the vertical settle-
ment of the grotto is slightly more significant than that of the
horizontal displacement of the grotto. However, the seismic
effect of the small bolt is still not ideal, with regard to the
reduction in the final displacement, because the seismic
effect of the small bolt is not fully realized.

3.2. Acceleration Response. Within the dynamic calculation
of the slope, the slope surface usually amplifies the effect of

seismic waves. To explore the ground motion response law
of the grotto cliff body, the PGA (peak ground acceleration)
amplification factor is defined as the ratio between the peak
acceleration response of each record point and the peak
acceleration response at the bottom of the model. Figure 12
shows the line diagram of the PGA amplification factor,
which varies within the elevations of the 4 sets of monitoring
points.

The PGA amplification factor of the cliff body shows an
initial increasing trend and then a decreasing trend, among
which monitoring point M10 was near 130. This trend also
presents an order of magnitude that differs from the PGA
amplification factor that has been investigated by previous
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FIGURE 12: PGA amplification factor at different monitoring points of the anchorage and original cliff body.
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scholars in the dynamic response of the slope. The PGA
amplification factor does not increase along the elevation; it
first increases and then decreases and presents a strong
fluctuation. Apparently, the PGA amplification factor of the
monitoring point in the elevation area where the ear hole is
located is relatively large because the digging makes the rock
mass of grottoes have a special geometric structure. The rock
mass has two groups of irregular facing surfaces, and its
geometric characteristics are more complex. During the
process of seismic wave propagation, there will be more
reflection and superposition between the two groups of
surfaces, which is more complicated than the normal en-
gineering slope. Considerably, the significant increase in the
PGA amplification factor prompts the installation of

monitoring devices to achieve a better illustration of the
effect.

It can also be shown in Figure 12 that, at the point of
geometric structure mutation, the PGA amplification factor
changes significantly even if the elevation remains constant,
such as M3 and M4, between M11 and M12. Although they
are located at the same height, their PGA amplification
coefficient difference is very large. This finding further in-
dicates that the geometry of the rock mass has a considerable
influence on its seismic dynamic response. From the top of
the grottoes to the top of the model, the PGA amplification
factor decreases sharply, which indicates that the seismic
wave dissipates more at the location of the rock at the top of
the ear grottoes.
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The analysis of the PGA amplification coefficient of the
anchor-reinforced cliff body and original cliff body reveals
that the PGA amplification coefficient of the anchor-rein-
forced clift body and clift body without anchoring is different
but still retains the original cliff body distribution charac-
teristics of the PGA amplification coeflicient. The PGA
amplification coefficient shows a decreasing trend after the
initial increase, and in the elevation range of ear grottoes, the
PGA amplification factor is relatively large.

3.3. Axial Force Response of the Bolt. By the analysis of the
displacement and acceleration response of the anchor-
reinforced cliff body, it can be seen that the anchoring effect
of the small bolt is not fully exerted, and the axial force
response of the bolt is small. The axial force distribution of
the bolt is shown in Figure 13. With regard to the overall
distribution, most of the bolt axial force is still small at both
ends and large in the middle, with a smaller bolt axial force.
As reflected by one of the most significant axial forces, the
force of the no. 51 bolt (Figure 13(e)) is only 60.42 N, which
is substantially less than its design load of 40 kN. This small
axial force does not fully exhibit its anchoring effect. The
analysis confirms that the bolt has no significant effect on the
seismic reinforcement. The analysis results of the axial force
of the bolts among different groups indicate that the
maximum axial force of the bolts in each group decreases,
which is consistent with the increase in elevation and is
similar to the distribution law of the axial force of the bolts in
the homogeneous anchored slope [15].

4. Conclusion

As indicated by this analysis, the horizontal displacement of
the anchor-reinforced cliff body is increasing rather than
decreasing; this trend is also observed in the region without
the anchor support. This condition is attributed to the
difference in the seismic wave propagation caused by the
changes in the material properties of the original cliff body
after installation of the anchor support. The change in the
material properties of the rock mass causes a difference
between the distribution of the PGA amplification factor of
the reinforced anchor and the original cliff body. Conse-
quently, the use of small bolts for the reinforcement method
has no significant influence on the horizontal displacement
responses of the grottoes calculated in this study. However,
in the vertical direction, there is a certain angle between the
bolt and the horizontal direction that can have a certain role
in the vertical direction. Within the whole process of seismic
action, the uneven settlement of the anchor is controlled to
some extent, but the final results show that the seismic effect
of the anchor is not ideal.

According to the existing literature, bolt support mainly
changes or improves the structural characteristics of the rock
mass. Because the fracture and structural plane character-
istics of the grotto rock mass are not considered in this study,
the structural characteristics of the upper rock mass of the
cliff body are not significantly improved in the horizontal
direction even with the support of the bolt. Otherwise,
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within the vertical direction, ear grotto digging produces a
discontinuous rock mass defect. Although the force of the
bolt in the vertical direction is not large, it still has a certain
controlling effect on the uneven settlement of the upper rock
mass and can prevent fracture between the inner rock mass
and outer rock mass at the top of the grotto. In addition, as
the axial force of the bolt is directly related to the relative
displacement of the rock around the bolt, with the relatively
small displacement of the rock in the cliff body, the axial
force response of the bolt is quite small with no indication of
its supporting role.

With this calculation model, this kind of support with
small bolts cannot reduce the relative displacement of the
upper rock mass of the grotto cliff body in the horizontal
direction. However, in the vertical direction, the support has
a certain role in controlling the uneven settlement of the
upper rock mass. The axial force in the bolt is very small,
which also indicates that its supporting effect on the rock
mass has not been fully realized.

By observing the structural defects in the vertical di-
rection of the cliff body caused by the grotto excavation, the
inclined angle of the bolt should be increased as far as
possible or the vertical support should be adopted to en-
hance the stability of the rock mass at the top of the grotto.
The results show that the anchoring effect of the bolt on the
slope is mainly reflected in changing or improving the
structural characteristics of the rock mass under the action
of an earthquake.
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