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Abstract 

In this study, the seismic performance of an ancient pagoda with significant historical and cultural values in China 
is upgraded by using overall friction pendulum bearing (OFPB) seismic isolation technology, This technique can be 
used to isolate the pagoda without damaging it. By implementing the OFPB seismic isolation retrofit on the pagoda 
and comparing and analyzing it with the unretrofitted seismic model, the response of the pagoda under the action 
of nine seismic waves of three types, namely, near-field earthquakes, far-field earthquakes, and common earthquakes, 
is investigated. The results show that the OFPB seismic isolation technique significantly reduces the seismic response 
of the ghats, in which the acceleration amplification factor is reduced by a maximum of 82.46%, the inter-story 
displacement is reduced by a maximum of 85.15%, and the base shear force is reduced by a maximum of 96.76%. In 
addition, the tensile damage of the ghats with OFPB seismic isolation was significantly controlled. While the model 
without seismic isolation has serious damage under the same seismic action and even faces the risk of collapse. The 
results of the study confirm that the OFPB seismic isolation technology plays a key role in improving the seismic per-
formance of the tower, which is of great theoretical and practical significance to the protection of the tower, and pro-
vides an effective technical way for the protection of the tower in the seismic-prone areas.
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Introduction
As an important part of the world’s cultural heritage, 
ancient pagodas not only carry rich historical and cul-
tural values but also are the crystallization of architec-
tural art and engineering technology [1]. However, most 

of the ancient pagodas are located in earthquake-prone 
areas, and frequent seismic activities pose a serious 
threat to their structural safety [2, 3]. Historically, many 
ancient pagodas suffered different degrees of damage or 
even collapsed completely during earthquakes, resulting 
in irreversible loss of cultural heritage [4]. Therefore, it is 
of great practical significance and far-reaching historical 
value to study the seismic performance of ancient pago-
das, especially the seismic isolation and reinforcement 
technology. Chavez et  al. [5] conducted shaking table 
experiments to provide basic information for calibration 
and analysis of the model. Anzani et al. [6] studied dam-
aged towers in Italy and proposed methods to evaluate 
the protection status and time evolution of ancient build-
ings. Lee et  al. [7] compared the measured intrinsic 

Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Heritage Science

*Correspondence:
Dewen Liu
civil_liudewen@sina.com
Min Lei
xnjdleimin@163.com
1 College of Civil Engineering, Southwest Forestry University, 
Kunming 650000, Yunnan, China
2 Kirik University, Bangkok, Thailand
3 College of Civil Engineering, Southwest Jiaotong University, 
Chengdu 610000, Sichuan, China

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40494-024-01448-2&domain=pdf


Page 2 of 14He et al. Heritage Science          (2024) 12:326 

frequencies of the stone tower with the finite element 
model, and subsequently, the experimental data were 
compared with the PGA from the FEM analysis, and an 
average difference of 13% was found, and the structure 
demonstrated that it is possible to predict the dynamic 
characteristics of this type of structure by the finite ele-
ment method. De Iasio [8] et  al. developed a complete 
model of the Longhu Pagoda in China using ABAQUS 
and proved the accuracy of the results obtained from the 
pushover by nonlinear dynamic analysis. The accuracy of 
the results obtained from the analysis provides useful 
information about crack extension that confirms the 
post-earthquake damage of the tower, finally, using the 
dynamics theorem of the limit analysis, the collapse 
mechanism and the rate of collapse of the tower are 
investigated, and the ability to predict earthquake dam-
age is discussed. Shakya et  al. [9] conducted an earth-
quake vulnerability assessment for pagoda temples with 
important historical and heritage values in Nepal, and 
used a simplified method and vulnerability index to 
assess more than 78 temples in Kathmandu Valley. 
Assessment results, databases, and damage classifications 
are integrated into GIS tools, enabling spatial visualiza-
tion of damage scenarios to help plan retrofits to mitigate 
earthquake risks. Lu J et al. [10] took Xuanzang Tower as 
an example, tested the 1/8 scale model with a shaking 
table, and compared it with the finite element simulation 
results. The results showed that the acceleration amplifi-
cation coefficient and the displacement results were 
slightly different but basically consistent, and explained 
that this phenomenon was due to the crack of the 
masonry itself having a certain influence on the dynamic 
response of the structure. Wang P et al. [11] took Chinese 
masonry towers as an example to study the rapid assess-
ment of the seismic resistance of existing masonry tow-
ers, which is of great significance for the detailed 
assessment of the safety of pagodas. Ponsi et al. [12] eval-
uated the computational efficiency and accuracy of the 
two methods by comparing the models of two brick tow-
ers with the deterministic and Bayesian methods. By 
updating the deterministic model with the algorithm 
assisted by the agent model for multi-objective optimiza-
tion, the calculation cost and result quality were com-
pared. A reliable Bayesian model can be obtained by 
proper selection and calibration of proxy model. Lu J 
et al. [13, 14] used the flexural curvature method to iden-
tify and analyse the seismic damage of Baiyun Tower, and 
the dynamic characteristics of the tower were obtained 
by means of field testing and compared with the results 
of numerical simulation. The results show that the first-
order intrinsic frequencies of the simulation results are 
close to each other, and the main tensile stress distribu-
tions under different earthquakes are similar, while the 

seismic damage distributions are slightly different. The 
seismic damage is more serious in the middle and lower 
two layers, and the accumulation of seismic damage in 
the first layer is more obvious. Wu X et  al. [15] estab-
lished the overall model and layered model of the bottle-
shaped pagoda of Mafosi Temple through ABAQUS 
software for analysis, and found that the tensile damage 
factor and the main tensile stress at the bottom of the 
tower exceeded the limiting value, and the top of the 
pagoda had serious stiffness degradation under the action 
of the large earthquake, and the conclusion revealed the 
seismic weak parts of the pagoda. Wang P et al. [16] pro-
posed a three-dimensional limit analysis model to ana-
lyze the collapse and failure of giant masonry structures 
under earthquake action. Based on structural discretiza-
tion, the model estimates collapse loads through linear 
programming, and takes three ancient pagoas in China as 
examples to verify the model, which quickly and accu-
rately estimates the bearing capacity and complex failure 
mechanism. Xu D et al. [17] studied the influence of incli-
nation Angle on seismic performance of historical 
masonry towers through 1/8 scale model shaking table 
test. It is found that the tilt significantly reduces the reso-
nance frequency, increases the equivalent damping ratio, 
and increases the acceleration and displacement 
response, indicating that the tilt has a significant effect on 
seismic performance. Li M et al. [18] used 3DEC software 
to simulate the response of ancient masonry pagodas in 
the Tang Dynasty under earthquake action, and found 
that the middle floors of ancient pagodas were vulnerable 
under a 7-degree earthquake, the top floors collapsed 
first, and then the floors began to collapse from the bot-
tom up. The study provided insights for predicting their 
seismic performance and collapse risk. Tian P et al. [19] 
studied the improvement of the shear strength of gluti-
nous rice lime mortar. Through shear test and scanning 
electron microscope analysis, they found that 2 wt % Na-
SiO2 and 0.5% fiber additives significantly enhanced the 
shear strength and toughness of mortar, while the mix-
ture of sand and clay aggregate improved the capacity 
and ductility of mortar. Providing insights into the resto-
ration of historic buildings. Hu J et al. [20] explored the 
dynamic characteristics of an ancient masonry tower by 
in-situ tests and finite element simulations, taking Hui-
long Pagoda in Yongzhou, Hunan Province as an exam-
ple. The analysis results show that the numerical model 
analysis results of ANSYS software are in good agree-
ment with the measured values, which confirms the 
validity of the developed numerical simulation method. 
Xie Q et al. [21] analyzed the dynamic characteristics and 
seismic performance of representative towers in ancient 
China by means of the shaking table tests on a 1/8 scale 
masonry model. The experiments involved four different 
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scale earthquake simulations in two directions, revealing 
the dynamic characteristics and damage mechanisms of 
the towers. Further macroscopic simulations using a 
nonlinear finite element model show good agreement 
with the experimental results. The findings provide 
important insights into understanding the seismic behav-
iour of historic masonry structures. Pham et al. [22] used 
ANSYS software for 3D finite element modelling and 
combined it with dynamic centrifuge testing to evaluate 
the seismic performance of the Seokga Pagoda of the Silla 
Dynasty period in Korea.Seismic behaviour assessments 
such as vibration patterns and time domain signals were 
carried out, and finally verified by the results of centri-
fuge testing. Tang Y et al. [23] investigated the effect of 
the tilting of an ancient pagoda in China on the distribu-
tion of the soil stresses underneath it by studying the 
properties of two soils (muddy clay Q4 and ancient clay), 
and established a mathematical model to estimate the 
residual strain of the soil by measuring the deformation.

For the research on seismic damping and strengthening 
of pagodas, Li S et al. [24] repaired and refurbished the 
East Pagoda of Yongzuo Temple and tested its dynamic 
characteristics, providing a method for identifying 
structural weaknesses. Mason et  al. [25] strengthened 
a tower around 1860 in the U.S.A. Li T et al. [26], using 
the Xiaoyan Pagoda as an example, developed twelve 
types of Shape Memory Alloy (SMA)-based suspension 
pendulum damping systems (SMA-SPDS). Hao W et al. 
[27] evaluated the effectiveness of different vibration-
damping schemes through shaker tests and numerical 
analysis. The results showed that GFRP reinforcement 
can effectively improve seismic performance, inhibit step 
cracking, and change the damage mode from brittle to 
ductile. Pan Y et  al. [28] studied the effects of different 

seismic isolation schemes on the seismic performance of 
brick towers using the Zhenguo White Tower in Peng-
zhou as an example. It was found that the use of larger 
seismic isolation bearings and optimal arrangement can 
significantly reduce the seismic response, the maximum 
acceleration at the top is reduced by about 80%, and the 
horizontal shear force is reduced by about 70%, which 
effectively improves the seismic safety of the tower. Based 
on the above research literature, in order not to damage 
the pagoda itself and better ensure the integrity of the 
protected building, this study proposed the integral fric-
tion pendulum support (OFPB) to study the pagoda iso-
lation and discussed the isolation performance of OFPB 
to the pagoda. To ensure the accuracy of the research 
content, three types of earthquakes, namely near-field 
earthquakes, far-field earthquakes, and ordinary earth-
quakes, are chosen to analyze the seismic resistance and 
isolation model of the pagoda, and the dynamic response 
mechanism of the pagoda using OFPB seismic isolation is 
investigated.

Materials and methods
Bai Lang Feng Shui tower overview
Bai Lang Feng Shui Tower is located in Nanming District, 
Guiyang City, Guizhou Province, is an ancient building 
with important historical and cultural value, the tower is 
made of brick, as shown in Fig.  1. The total number of 
layers of the structure is nine, the height of the structure 
is 22.5  m, hexagonal, the height of each layer decreases 
with the rise of the floor, in addition to the ground floor 
of the south face of a door, the rest of the face is open 
with a coupon hole, the whole tower a total of fifty-three 
coupon holes. Detailed dimensions as shown in Table 1, 

(a) Pagoda full view (b) Pagoda Coupon Cave (c) Pagoda Doorway 

Fig. 1  Bai Lang Feng Shui Pagoda Real Picture
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of which layer number 0 is the tower foundation, a 
doorway.

The model established and selection of earthquakes
Model established
In this study, a 1:1 3D solid model was built using Solid 
Works software based on the measured data of the Pen-
dulum wind and water tower in meters as shown in 
Fig. 2a. The model was imported into the finite element 
analysis software ABAQUS for numerical analysis, and 
the Newton–Raphson method in the ABAQUS/Stand-
ard module was used to solve the system of nonlinear 
equations. The pagoda cell meshing type is a C3D4 cell, 
the mesh size is 0.35, and the curvature control sets the 
maximum deviation factor to 0.1. The total number of 
delineated nodes is 9357 and the total number of units 
is 39,269. Considering that the pagoda is made of brick, 
which is consistent with most ancient buildings, refer-
ence [15] defines the method of material parameters, 
conducts experiments based on bricks of the same mate-
rial as the pagoda picked up near the pagoda, and cal-
culates the detailed parameters of the brick through 
clustering analysis of the damage forms of the bricks. The 
density ρ of the brick is 1900 kg/m3, the elastic modulus 
E is 1800  MPa, and the Poisson ratio υ is 0.15. Consid-
ering that the damage characteristic of bricks is brittle 
damage, the Concrete Damage Plasticity (CDP) intrinsic 
model is used to simulate this damage characteristic [8, 
21], and the principle of energy equivalence is used to 
approximate the damage parameters, so as to simulate 
the damage characteristics of the material, Fig.  3 shows 
the tensile compression and the stiffness recovery of the 
concrete in this process. The plastic damage parameter 
expansion angle is taken as 30°, eccentricity is taken as 
0.1, the ratio of biaxial to uniaxial compressive strength 
is taken as 1.16, the ratio of the second stress invariant on 

the tensile and compressive meridians is taken as 0.6667, 
and the viscosity parameter is 0.0005.

Overall friction pendulum bearing modeling
Overall Friction Pendulum Bearing (OFPB) seismic isola-
tion is a system in which the entire structure is placed on 
top of the slider, similar to a large ‘tumbler’. Specifically, the 
system dissipates the energy of an earthquake through fric-
tion between the slider and the slipway, thus ensuring the 
safety and stability of the structure. The radius of curvature 
and depth of the slider and the chute are calculated based 
on the dimensions of the base of the pagoda to ensure that 
the slider can completely take up the pagoda. In this paper, 
the curvature radius of the slide block and slide is 22 m, the 
thickness of the slide block is 0.2 m, the maximum thick-
ness of the slide is 0.4  m, and the minimum thickness of 
the slide is 0.2  m. The 3D solid model of the support is 
established by ABAQUS software, as shown in Fig. 2b. The 
meshing type is C3D8R cell, the mesh size is 0.21, and the 
curvature control sets the maximum deviation factor to 
0.1. The total number of nodes divided by the slider is 2292 
and the total number of units is 1628, and the total number 
of nodes divided by the slide is 2379 and the total number 
of units is 1496. The support is manufactured using steel, in 
practice, due to the large size of the support and slider, can 
be obtained by designing and manufacturing a number of 
small pieces of splicing, which is conducive to the manufac-
ture and transport of the support. In this paper, the elastic 
modulus E of steel is taken as 2.0 × 105Mpa, the density ρ is 
taken as 7.8 × 103 kg/m3, the Poisson ratio is taken as υ 0.3, 
the yield strength is taken as 3.35 × 102 MPa, and the ulti-
mate strength is taken as 4.00 × 102 MPa. According to pre-
vious experience, the friction coefficient between the slider 
and the slide can be controlled by the use of lubricants. In 
this study, the friction between the slider and the slide is 
simulated by Coulomb friction, regardless of the change 
between the speed and the friction coefficient. The normal 

Table 1  Detailed dimensions of Bai Lang Feng Shui Tower/m

Floor Floor height Floor elevation Pagoda length Stacked edge 
length

Wall thicknesses Hole width Hole height

0 2.40 2.40 2.80 / / / /

1 4.20 6.60 2.18 3.22 1.26 0.60 1.60

2 3.10 9.70 1.90 2.09 0.95 0.55 1.45

3 2.50 12.20 1.68 1.86 0.82 0.55 1.15

4 2.20 14.40 1.48 1.67 0.70 0.50 1.00

5 1.90 16.30 1.31 1.50 0.59 0.45 0.95

6 1.60 17.90 1.16 1.35 0.50 0.40 0.85

7 1.40 19.30 1.02 1.21 0.42 0.35 0.75

8 1.30 20.60 0.90 1.09 0.35 0.30 0.65

9 1.90 22.50 0.80 / 0.28 0.25 0.55
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behavior is defined as hard contact, the tangential behavior 
is set as penalty friction, and the friction coefficient is 0.01.

Damping calculation
When the structure fights against earthquakes, its existence 
because of damping can absorb part of the energy brought 
by earthquakes. In this study, the damping characteristics 
of the pagoda under seismic action are simulated by the 
Rayleigh damping model [29], and the damping matrix of 
the unit is calculated by Eq. 1:

where [M] is the mass matrix, [K] is the stiffness matrix, 
α is the mass damping coefficient, and β is the stiffness 

(1)[C] = α[M] + β[K]

damping coefficient. α and β can be obtained from the 
structural self-resonance frequency ω and the damping 
ratio ξ, which are computed as shown in Eq. 2:

In the formula: ωi and ωj are the i and j order self-
oscillation frequencies, i = 1 and j = 3 in the text, and ξ 
is the structural damping ratio. According to the exist-
ing research, the damping ratio is taken as 0.04. The 
self-oscillation frequency of the structure is shown in 
Table 2.

The empirical formula for the basic period of a masonry 
structure is shown in Eq. 3 [30]:

(2)α =
2ξωiωj

(

ωi + ωj

) ,β =
2ξ

(

ωi + ωj

)

(a1) Physical image (a2) Section view (a3) Elevation a (a4) Elevation view b

(a) Pagoda seismic schematic

(b1) Physical image (b2) Section view (b3) Elevation a (b4) Elevation view b

(b) Schematic diagram of pagoda OFPB seismic isolation

Fig. 2  Schematic diagram of the pagoda
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where H0 is the height of the structure, and the pagoda 
height in this study is 22.50  m. The basic period of 
the seismic structure of the pagoda is calculated as 
T1 = 0.0168 (22.5 + 1.2) = 0.3982, and the basic period 
of the seismic structure of the pagoda is calculated as 
T1 = 1/2.468 = 0.4052 according to the simulation results. 
The difference between the calculated results of Eq.  (3) 
and 1.8% is not large, indicating that the established 
model can effectively simulate the effect of the pagoda 
structure.

Selection of earthquakes
The Bai Lang Fengshui Pagoda is located on a site clas-
sified as Class II soil, with a seismic intensity of 7 
degrees. Considering the special nature of the protec-
tion of ancient buildings and the significance of the 
study, one additional degree was added to the study, and 
it was determined that the analysis would be carried 
out by a seismic intensity of 8 degrees. Considering the 
influence of different epicentral distances, three kinds 
of earthquakes, near-field earthquake, ordinary earth-
quake, and far-field earthquake, are selected for study, 
three earthquakes of each type were selected for analy-
sis based on the structural period, To ensure that the 

(3)T1 = 0.0168(H0 + 1.2)

response spectrum of the selected seismic wave is close 
to the period of the pagoda to ensure the significance of 
the research content. The selected seismic information is 
shown in Table 3. The acceleration response spectrum is 
shown in Fig. 4, and GM-SRS is the canonical response 
spectrum.

Seismic response analysis
To explore the seismic isolation performance of the over-
all friction pendulum isolation bearing on the pagoda, 
three different types of earthquakes were imposed on the 
seismic model and isolation model respectively, and the 
X, Y and Z directions of the selected earthquakes were 
peaked according to 1:0.85:0.65, with the peak value of 
4  m/s2. where the X direction was defined as the east–
west direction, the Z direction as the north–south direc-
tion, and the Y direction as the vertical direction. The 
effect of structural damping is described through the 
damping rate, and the expression is shown in Eq. 4:

where S1 and S2 represent the seismic response values of 
seismic resistant and isolated structures respectively.

Results
Acceleration response analysis
Acceleration amplification factor
Figure 5 demonstrates the acceleration magnification fac-
tor of the structure. From the figure, it can be seen that 
the acceleration magnification factors of the two models 
show consistency, both of which become larger as the 
height of the pagoda increases, indicating that the accel-
eration increases as the height of the pagoda rises. Com-
paring the three types of earthquakes, the acceleration 

(4)R =
S1 − S2

S1
× 100%

(a) tensile (b) compression

Fig. 3  Schematic of concrete uniaxial tensile and compressive damage and stiffness recover

Table 2  Comparison of the first five natural vibration 
frequencies of the structure

HZ

Mode No 1 2 3 4 5

Pagoda antiseismic 2.467 7 2.467 7 6.807 2 6.807 9 11.522 0

Pagoda isolation 1.651 6 1.651 6 4.445 5 4.446 0 7.680 6
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amplification factor of the structure under near-field and 
far-field earthquakes is larger than that under common 
seismic operations, indicating that far-field earthquakes 

and near-field earthquakes are more hazardous to the 
pagoda. However, the acceleration amplification factor 
of the pagoda is not much different and is significantly 
controlled after the seismic isolation using OFPB. Com-
pared with the seismic model, the acceleration ampli-
fication factor of the pagoda is reduced by 35.43% to 
82.31% for near-field earthquakes, 34.43% to 81.97% for 
far-field earthquakes, and 34.43% to 81.97% for common 
seismic operations. The acceleration amplification fac-
tor decreases from 30.46 percent to 82.46 percent under 
common seismic operation. It can be seen that the accel-
eration of the three seismic waves of the three types has 
been significantly controlled.

Acceleration time‑course analysis
Based on the analyses in the previous section, it can be 
seen that among the selected seismic waves, the near-
field seismic type NE-3 wave, the far-field seismic type 
FE-1 wave, and the Common seismic type CE-3 wave, 
have larger values of acceleration response to the struc-
ture. Therefore, these three seismic waves are selected to 
analyze the corresponding top acceleration time course 
curves of the pagoda. From Fig.  6, it can be seen that 

Table 3  Earthquake information

Earthquake types No Earthquake name Station name Year M Rrup (km) PGA(X/Y/Z
(m*s-2))

Near-Field earthquake NE-1 Iwate_Japan IWTH25 2008 6.90 4.80 0.1052/0.4096/0.0275

NE-2 Imperial Valley-06 Holtville Post Office 1979 6.53 7.50 0.254/0.2215/0.2570

NE-3 Morgan Hill Halls Valley 1984 6.19 3.48 0.1551/0.3121/0.1101

Far-Field earthquake FE-1 Northridge-01 San Bernardino—CSUSB Gr 1994 6.69 103.16 0.2557/0.2217/0.1155

FE-2 Hector Mine San Bernardino—Fire Sta. #4 1999 7.13 101.71 0.2314/0.3583/0.1388

FE-3 Chi-Chi_ Taiwan-02 TAP046 1999 5.90 139.62 0.0339/0.0687/0.0207

Common earthquake CE-1 Northridge-01 LA—Century City CC North 1994 6.69 23.41 0.1162/0.1497/0.0831

CE-2 Northridge-01 LA—Hollywood Stor FF 1994 6.69 24.03 0.0332/0.04852/0.0487

CE-3 Northridge-01 San Marino—SW Academy 1994 6.69 35.02 0.0090/0.0076/0.0025

Fig. 4  Seismic acceleration response spectrum

(a)Near-Field earthquake (b)Far-Field earthquake (c)Common earthquake
Fig. 5  Acceleration amplification coefficient
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the acceleration response values of the OFPB pagoda 
isolation structure are effectively reduced under all 
three types of seismic actions. Under the near-field seis-
mic action, the peak acceleration of the Pagoda seismic 
structure is 11.84 m/s2, and the peak acceleration of the 
OFPB seismic isolation is 7.21  m/s2, which is reduced 
by 39.19% in comparison. Under far-field seismicity, 
the peak acceleration of the Pagoda seismic structure is 
11.57 m/s2, and the peak acceleration of the Pagoda seis-
mic isolation structure is 7.2  m/s2, which is reduced by 
37.77% in comparison. Under Common seismic, the peak 
acceleration of the pagoda seismic structure is 11.00 m/
s2, and the peak acceleration of the pagoda seismic isola-
tion structure is 5.34  m/s2, which is reduced by 51.45% 
in comparison. It can be seen that the top acceleration 
of the structure is larger under near-field and far-field 
earthquakes, and the seismic isolation effect of the OFPB 
is weaker compared to common earthquakes.

Drift response analysis
Floor drift ratio analysis
Figure  7 shows the pagoda’s interstorey displacement 
angle, and the four levels can be used to determine 
the pagoda’s damage level, in which the interstorey 

displacement angle is less than 1/500, the structure is 
slightly damaged, the interstorey displacement angle 
between 1/500 and 1/300, the structure is moderately 
damaged, the interstorey displacement angle between 
1/300 and 1/150, the structure is heavily damaged, and 
the interstorey displacement is less than 1/150, the struc-
ture is on the verge of collapsing.

Comparing the three types of earthquakes, it was found 
that under both near-field and far-field seismic opera-
tions, when the bottom of the pagoda was fixed, the angle 
of interstorey displacement exceeded 1/150, reaching the 
level of collapse, and under common seismic operations, 
the angle of interstorey displacement of the structure 
tended to be closer to but did not exceed 1/150, which 
did not reach the level of collapse, but had been seriously 
damaged. Under OFPB seismic isolation, the pagoda’s 
interstory displacement angle is close to 1/500 or less 
than 1/500, indicating that the pagoda shows slight dam-
age at most. Under near-field seismic operation, both 
NE-1 and NE-2 are less than 1/500, indicating no dam-
age to the pagoda, and NE-3 slightly exceeds 1/500, with 
minor damage to the structure. Under far-field seismic 
operation, all three waves slightly exceeded 1/500, and all 
three seismic waves caused minor damage to the pagoda, 

(a)Near-Field earthquake (b)Far-Field earthquake (c)Common earthquake

Fig. 6  Acceleration time history curve

(a)Near-Field earthquake (b)Far-Field earthquake (c)Common earthquake
Fig. 7  Interstory drift ratio
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with FE-1 having a greater impact. Under common seis-
mic operation, the interstory displacement angles did not 
exceed 1/500 for CE-1 and CE-2, and slightly exceeded 
1/500 for CE-3, producing minor damage to the struc-
ture. It is worth noting that the interstorey displacement 
angles of the pagoda floors did not change much under 
the action of OFPB, which indicates that the shear dis-
tribution of the floors was uniform. In contrast, the 
displacement Angle between the lower strata under near-
field earthquake action decreases by 85.15%, the dis-
placement Angle between the lower strata under far-field 
earthquake action decreases by 78.94%, and the displace-
ment Angle between the lower strata under common 
earthquake action decreases by 70.24%. It can be seen 
that the reduction rate under ordinary earthquake action 
is the smallest, which indicates that the more intense 
the seismic response, the stronger the isolation effect 
of OFPB. In general, under the action of three types of 
earthquakes, OFPB plays a significant role in the isolation 
effect of the pagoda.

Drift time course analysis
Through the analysis in the previous subsection, it can be 
learned that among the selected seismic waves, the near-
field seismic type NE-3 wave, the far-field seismic type 
FE-1 wave, and the common seismic type CE-3 wave, 
have larger values of displacement response to the struc-
ture. Therefore, these three seismic waves are selected 
to analyze the corresponding top floor displacement 
time course curves of the pagoda. By comparing the dis-
placement time histories of the pagoda Fig. 8 shows the 
displacement time histories of the pagoda under three 
types of earthquakes, seismic and pagoda isolation mod-
els, it is found that under the effect of OFPB isolation, 
the displacements of the pagoda isolation are in general 
larger than those of the pagoda seismic isolation, this is 
due to the fact that the use of OFPB isolation at the bot-
tom, which reduces the constraints of the ground on the 
pagoda, resulting in larger displacements, but it is this 

larger displacement, which greatly weakened the dis-
placement due to the But it is this larger displacement 
that greatly reduces the amount of energy due to the 
earthquake and ensures less damage to the structure. 
Due to the friction between the OFPB slider and the slip-
way, this results in a larger residual displacement of the 
pagoda compared to the seismic resistance of the pagoda, 
but this larger residual displacement can be reset by 
applying an external force to reach the common level.

Shear response analysis
Floor shear analysis
Figure  9 shows the layer shear forces under differ-
ent types of earthquakes, structurally, the model of the 
pagoda fixed at the bottom produces a large base shear 
force, this is due to the fact that the foundation of the 
pagoda is as high as 2.8 m, which concentrates the grav-
ity at the bottom and there is no seismic isolation meas-
ures installed at the bottom, which results in a large base 
shear force in the structure. The shear force of the pagoda 
model installed with OFPB bearing is well controlled, 
especially for the base shear force. In contrast, the instal-
lation of OFPB reduces the base shear of the structure by 
92.3% to 96.76%, and the shear reduction rate of other 
layers is also between 20.53% and 49.54%, indicating that 
OFPB has a significant effect on the seismic isolation of 
the pagoda.

In terms of different seismic types, the base shear of the 
pagoda seismic structures under near-field seismic action 
ranges between 3210.00 kN and 5779.00 kN, and the top 
shear ranges between 24.85 kN and 30.11 kN. The base 
shear of the pagoda isolated structure varies between 
248.00 kN and 313.00 kN, the top shear varies between 
16.4 kN and 23.74 kN, the base shear isolation rate var-
ies between 90.25% and 95.45%, and the shear reduc-
tion rate of the other floors varies between 20.53% and 
44.16%. The base shear of the pagoda seismic structure 
under far-field seismic action varies between 2773.00 kN 
and 6682.00 kN, and the top story shear varies between 

(a)Near-Field earthquake (b)Far-Field earthquake (c)Common earthquake

Fig. 8  Drift time course curve
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23.04 kN and 28.94 kN. The base shear of the pagoda 
isolation structure is between 213.60 kN and 282.70 kN, 
the top shear is between 16.87 kN and 22.74 kN, the 
base shear isolation rate is between 92.30% and 96.76%, 
and the shear reduction rate of other layers is between 
21.39% and 48.43%. Under the action of ordinary earth-
quake, the base shear force of the pagoda seismic struc-
ture is between 2897.00 kN and 3376.00 kN, and the top 
shear force is between 30.50 kN and 35.63 kN. The base 
shear of the pagoda isolation structure is between 198.90 
kN and 282.7 kN, the top shear is between 14.80 kN and 
22.74 kN, the base shear isolation rate is between 92.55% 
and 93.98%, and the shear reduction rate of other layers 
is between 30.19% and 49.54%. In contrast, the response 
of pagoda under far-field earthquake operation is greater 
than that under near-field earthquake operation and 
greater than that under ordinary earthquake action.

Shear time course analysis
According to the analysis in the previous section, it is 
found that the three earthquakes, NE-3, FE-1 and CE-3, 
have larger values of shear response to the pagoda, so 
the time-range curves of these three seismic waves are 

selected for analysis. Fig. 10 shows the shear time-his-
tory curve of the second layer of the pagoda.

When analyzing the dynamic response of the pagoda 
structure, we noticed that the shear time-history dia-
gram of the second floor showed a response trend con-
sistent with the height of the other floors. Although 
there are significant differences in the distribution of 
shear forces in the bottom layer, which makes it dif-
ficult to directly reflect this difference in the time his-
tory curve, the change in shear forces in the second 
layer provides us with a valuable perspective. Through 
careful analysis of the shear time history of this floor, 
we can reasonably predict the shear changes of other 
floors under similar dynamic action. This analysis 
method not only improves our understanding of the 
overall response of the structure, but also provides us 
with an effective tool to predict and evaluate the vari-
ous dynamic load situations that the structure may 
encounter in practical applications. Through the in-
depth study of the second layer shear time history, we 
can grasp the dynamic characteristics of the structure 
more accurately, so as to provide solid data support for 
structural design and safety evaluation.

(a)Near-Field earthquake (b)Far-Field earthquake (c)Common earthquake
Fig. 9  Interstory shear

(a)Near-Field earthquake (b)Far-Field earthquake (c)Common earthquake

Fig. 10  Shear time history



Page 11 of 14He et al. Heritage Science          (2024) 12:326 	

Damage response analysis
Damage factor analysis
Because the compressive property of the material is 
much greater than the tensile property, only the tensile 
damage behavior of the pagoda is analyzed, and its ten-
sile property is not analyzed this time. The nodes with 
the greatest damage of the two models are selected, and 
the tensile damage factors of the two models are com-
pared and analyzed. Fig. 11 shows the variation of dam-
age factors at the node with the maximum damage to the 
pagoda over time. Under the action of near-field earth-
quakes, the damage of the structure first reaches the limit 
value, which appears at the base of the structure, which 
corresponds to the base shear value of the seismic model 
of the pagoda. Under the action of the far-field earth-
quake, the maximum damage node of the pagoda model 
also reaches the limit value quickly. Finally, under the 
action of ordinary earthquakes, the maximum damage 
node of the pagoda model reaches the limit value, which 
is related to the spectrum distribution of seismic waves. 
In contrast, the damage factor of the OFPB-isolated 
structure did not reach the maximum value from the 
beginning of the earthquake to the end of the earthquake, 
indicating that the material did not reach the tensile limit 
value and the structure did not reach the damage condi-
tion, which corresponds to the interstorey displacement 
angle of the isolation model, and the structure only suf-
fered minor damage.

Damage contour of pagoda
According to the analysis of the tensile damage factors of 
the pagoda in the previous section, NE-3 wave, FE-3 wave 
and CE-3 wave, which are the most influential near field 
earthquakes, are selected and the damage under the three 
types of earthquakes is compared and analyzed. Figure 12 
shows the tensile damage diagram of the pagoda seismic 
model and pagoda isolation model under the action of 
three types of earthquakes.

Figure 12a, b respectively shows the damage evolution 
of the pagoda seismic and isolation models under near-
field earthquakes. It can be seen that at 2.25 s, large dam-
age occurs at the bottom of the structure [31], and minor 
damage occurs mainly at the entrance of the upper part, 
in which the damage near the doorway is greater than 
that near the bond hole, due to the large shear force at the 
bottom of the structure, which speeds up the structural 
failure. At 10.05 s, the damage at the gate of the pagoda 
was intensified, and the upper part of the gate was almost 
destroyed, which was due to the weak strength at the 
entrance of the pagoda, leading to the tensile damage of 
the structure. At the 40 s, the gate of the pagoda was basi-
cally destroyed, and the structure would collapse. On the 
other hand, the model of the pagoda using OFPB seismic 
isolation shows only minor damage at the door and cou-
pon openings, which corresponds to the shear diagram of 
the structure shown in Fig. 9. Since OFPB reduces most 
of the shear forces at the base of the structure, it allows 
the foundation part of the structure to be effectively pro-
tected, and at the same time, it protects the pagoda from 
being damaged.

Figure 12c, d shows the tensile damage diagrams of the 
seismic and isolation models of the Pagoda under far-
field seismic effects. It can be seen that at 8.5 s the base 
of the pagoda’s foundation appears slight damage, at 
20.50 s, the tensile damage begins to appear on the side 
of the pagoda’s doorway, the second and third floor cou-
pon holes appear smaller damage, this is due to the fact 
that these parts are in the weaker part of the strength of 
the place, which leads to the structure to be subjected to 
larger tensile force, when the earthquake comes to 40 s, 
the damage of the pagoda’s first floor, the third floor, and 
the fourth floor holes continue to increase to the limit-
ing value, and the structure has a probability of collapse. 
Comparing the damage of the pagoda under OFPB isola-
tion, only slight damage occurs at the opening of the first 
floor at 40  s, which shows that the pagoda is effectively 
protected under the far-field seismic action.

(a)Near-Field earthquake (b)Far-Field earthquake (c)Common earthquake

Fig. 11  Tensile damage factor time history
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(a)Fixed NE-3 (b)OFPB NE-3

(c)Fixed FE-3 (d)OFPB FE-3

(e)Fixed CE-3 (f)OFPB CE-3

Fig. 12  Comparison of Pagoda Tension Damage
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Figure  12e, f shows the tensile damage of the Pagoda 
seismic and seismic isolation models under common 
seismic action, at 3.85 s, the slight damage at the bottom 
of the Pagoda foundation starts to appear, and the over-
all damage has not yet appeared, at 7.25  s, the damage 
at the bottom of the foundation expands, and spreads to 
the edges of the opening of the coupon hole at the same 
time, and at 40 s, the damage of the Pagoda continues to 
increase, and partially reaches the damage limit value. 
On the contrary, in the seismic isolation model of the 
pagoda, the structure did not show any obvious damage. 
In contrast, the damage of the pagoda under the near-
field earthquake is the largest, and the pagoda is on the 
verge of collapse, the damage under the far-field earth-
quake is larger, and the pagoda has the probability of col-
lapse, and the damage of the pagoda is smaller under the 
common earthquake, which may be due to the fact that 
the frequency of near-field earthquakes is more likely to 
be close to the pagoda’s natural frequency, which leads to 
the pagoda’s resonance effect, and thus exacerbates the 
damage of the pagoda.

Conclusion
To protect ancient pagodas in earthquake-prone areas, 
this study adopts OFPB to isolate pagodas, which effec-
tively guarantees the integrity of pagodas and aims to 
highlight the protection of pagodas without damaging 
them, and three types of seismic response analysis were 
carried out on the two models respectively, including 
near-field earthquake, far-field earthquake and ordi-
nary earthquake. Each type of earthquake was analyzed 
through three seismic waves. The acceleration response, 
displacement response, shear response and damage 
response of the two structures are analyzed and com-
pared. The following conclusions are drawn:

(1)	 Importance of seismic isolation technology in 
pagoda protection: The application of overall fric-
tion pendulum bearing (OFPB) seismic isola-
tion technology in pagoda structures significantly 
reduces the structural response to seismic action. 
By effectively isolating the seismic energy, this tech-
nique significantly reduces the acceleration amplifi-
cation factor, inter-story displacement, base shear 
force, and tensile damage of the pagoda in earth-
quakes, thus significantly improving the seismic 
performance and safety of the structure. The appli-
cation of seismic isolation technology not only pro-
tects the structural integrity of the pagoda, but also 
preserves its historical and cultural value, which is 
of great practical significance for the protection of 
pagodas in earthquake-prone areas.

(2)	 Effect of type of earthquake on structural response: 
It was noted that the response of the pagoda under 
near-field and far-field earthquakes was greater 
than that of normal earthquakes. This finding 
emphasizes the importance of the type of earth-
quake on the seismic design of the structure. Near-
field earthquakes may result in greater structural 
response due to their strong ground motion and 
short period characteristics. Therefore, special con-
sideration needs to be given to the effects of near-
field earthquakes in seismic design to ensure that 
the structure remains stable and safe under all seis-
mic conditions.

(3)	 Universality and efficiency of seismic isolation tech-
nology: Pagodas with overall friction pendulum 
bearing isolation show significant isolation effects 
under near-field, far-field, and normal seismic 
effects. This indicates that the isolation technique 
is not only applicable to specific types of earth-
quakes, but also has wide universality. By reducing 
the transfer of seismic energy to the superstructure, 
the seismic isolation technique effectively reduces 
the risk of earthquake damage to the pagoda and 
improves its seismic capacity. The high efficiency 
of this technology provides an effective solution for 
the protection of important cultural heritage sites 
such as the Pagoda and helps to reduce the damage 
caused by seismic hazards.
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