
Engineering Structures 275 (2023) 115108

0141-0296/© 2022 Elsevier Ltd. All rights reserved.

Experimental and numerical simulation study on mechanical properties of 
fiber-reinforced plastic seismic isolator 

Hao Wang a, Haoran Mu b, Xiaoxia Guo b, Yunfei Zhang b, Haowei Ji b, Chao Luo a,*, 
Huaiping Feng a,*, Donglin Liu b 

a State Key Laboratory of Mechanical Behavior and System Safety of Traffic Engineering Structures, Shijiazhuang Tiedao University, Shijiazhuang 050043, China 
b School of Civil Engineering, Shijiazhuang Tiedao University, Shijiazhuang, Hebei Province 050043, China   

A R T I C L E  I N F O   

Keywords: 
FRP seismic isolator 
Low-cost isolator 
Mechanical property tests 
Isolator’s stress distributions 

A B S T R A C T   

Seismic isolators are widely used in the field of seismic mitigation. But the disadvantage of the high cost limits 
the promotion of seismic isolators in underdeveloped areas. Therefore, the development of a new type of low-cost 
seismic isolator will facilitate the application of seismic isolation technology. This paper proposes a fiber- 
reinforced plastic (FRP) seismic isolator with cost-effective and stable mechanical performance features, 
which uses a synthetic material of alkali-free fabrics and vinyl resin instead of the steel plate in the traditional 
laminated isolator. The design and manufacturing process of the bearing makes it have higher stability and 
integrity than the traditional bearing. A series of mechanical properties tests were conducted to investigate the 
mechanical behavior of the FRP seismic isolator and to determine the boundary properties of the FRP seismic 
isolator. The stress distributions inside the FRP seismic isolator are analyzed detailly by the finite element model. 
The effects of changing the plane size of the FRP seismic isolator and the plate/rubber thickness ratio (P/RTR) on 
the isolator performance were studied to provide technical support for the subsequent design and manufacture of 
FRP seismic isolators. The experimental and numerical analyses show that the FRP seismic isolators developed in 
this paper have good performance and are beneficial for application in low-rise building structures.   

1. Introduction 

At present, seismic isolators are widely used in the field of seismic 
mitigation, effectively reducing the seismic responses of various struc
tures and the impact of hazards. However, the seismic isolator has the 
disadvantage of high cost and is more challenging to apply and promote 
in underdeveloped areas. So developing a low-cost seismic isolator has 
practical significance. 

Many scholars have studied low-cost seismic isolation techniques, 
and these isolation devices can be concluded into three main categories 
[1]: sliding seismic isolation, rocking seismic isolation and elastomeric 
seismic isolation. There are two main types of sliding seismic isolation. 
One type of sliding seismic isolation [2,3] dissipates seismic energy by 
sliding the planes or spheres in the isolator under the excitation of an 
earthquake. The friction isolation is generally made of steel plates, 
natural stone, and Teflon sheets, which are easy to obtain and durable. 
Another type of sliding seismic isolation [4,5] dissipates seismic energy 
by friction between granules in a sand layer, sand-rubber layer or stone 

layer laid at the bottom of the structure. So they have the advantages of 
favourable seismic isolation effects and a wide range of applicable 
seismic frequencies. But sliding seismic isolation is relatively chal
lenging to restore after an earthquake. The rocking seismic isolation 
[6,7] usually uses rolling rods or rolling balls, which will have the self- 
return capability if they are laid on a sloping surface. Still, they have 
problems of stress concentration and less energy dissipation capacity, 
and they require maintenance to maintain normal operation throughout 
the working period. The elastomer seismic isolation interconnected 
rubber layers and layers of steel or fiber through a special process. 
Although the elastomer seismic isolators [8] are relatively expensive to 
produce, they have the advantages of good resilience and good seismic 
isolation effect. Therefore, the elastomer seismic isolators have a broad 
application prospect. 

Due to the elastomeric isolation’s advantages, many scholars have 
conducted research on low-cost elastomeric seismic isolators. In 1999 
Kelly [9] proposed using fiber-reinforced material to replace steel plates 
in the elastomer seismic isolator. Tsai [10,11] theoretically deduced the 
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theoretical stiffness and ultimate deformation capacity of the fiber- 
reinforced elastomeric isolator. Angeli et al. [12] proposed an analyt
ical model of a carbon-fiber-reinforced rectangular isolator based on 
Kelly’s study, considering the reinforcing material’s flexibility and the 
rubber’s compressibility. Through experimental studies, Li et al. [13] 
verified the feasibility of steel meshes as stiffening plates. Mordini et al. 
[14] analyzed the mechanical properties of the glass-fiber-reinforced 
elastomeric isolators. The application of the glass fiber seismic iso
lators on storage tanks showed significant seismic isolation effects. 
Russo et al. [15] designed different characteristics of fiber-reinforced 
elastomeric isolators, including different neoprene types, layouts of 
carbon fiber fabrics, shape factors and aging conditions. Tan et al. [16] 
designed a simple bearing with unsaturated polyester fiber-reinforced 
plastic plates and verified that the proposed bearings could be used as 
the base-isolation devices for low-cost housing. Toopchi-Nezhad [17] 
established finite element models of bonded and unbonded elastomeric 
isolators. The fiber-reinforced plate of the unbonded isolator needed to 
bear less tensile stress; the bonded isolator did not slip and can provide 
tension between the superstructure and foundation beam. Habieb et al. 
[18–20] proposed an Abaqus element model suitable for simulating 
unbonded fiber reinforced elastomeric isolator (UFREI) and fiber rein
forced elastomeric isolators were applied to a masonry church to study 
the effects of seismic isolation. Numerical results show that the damage 
in masonry churches can be significantly reduced by inserting UFREIs in 
case of moderate earthquakes. The UFREIs-SMA wires with a specific 
pre-strain exhibit better seismic isolation in case of strong earthquakes. 
Niel C et al. [21] proposed the partially bonded fiber-reinforced elas
tomeric isolator, which can transmit certain tensile force between upper 
and lower support to reduce the possibility of isolators’ slipping under 
vertical tensile conditions. Moona et al. [22] found that bonded fiber- 
reinforced elastomeric isolators have better mechanical performances 
than laminated steel plate rubber bearing. The scholars above expanded 
the selection of fiber-reinforced materials and proved fiber-reinforced 
elastomeric isolators’ effectiveness through experimental and numeri
cal simulation studies. 

The main purpose of this research is to develop a low-cost rubber 
isolation bearing that can maintain stability without tearing between the 
stiffener plate and the rubber during strong earthquakes. Therefore, this 
paper proposes a new fiber-reinforced plastic (FRP) seismic isolator, 
which uses fiber-reinforced plastic plates to replace steel plates to reduce 
the cost of the seismic isolator. The FRP seismic isolator is designed with 
upper and lower sealing plates to increase its stability, and the FRP plate 
is processed by brushing and other processes to increase the adhesion 
between the FRP plate and rubber. The fiber-reinforced plastic plate is 
composed of alkali-free cloth and vinyl resin. In this paper, the me
chanical properties of the newly developed bearing are studied by ex
periments and numerical simulations, which include the following three 
main steps. Step I: The mechanical properties of the bearings were 
investigated through tests, which included basic mechanical properties 
tests, ultimate performance tests, shear strain correlation tests, 
compressive stress correlation tests, and loading frequency correlation 
tests. Step II: The stress distributions and values inside the FRP seismic 
isolator are analyzed detailly by the finite element model. The studied 
stresses include horizontal normal stresses, vertical normal stresses and 
interfacial shear stresses. Step III: The effects of changing the plane size 
of the FRP seismic isolator and the plate/rubber thickness ratio (P/RTR) 
on the isolator performance were studied. The effect of P/RTR and plane 
size on the stress values and distribution are analyzed by numerical 
simulation. 

2. Mechanical properties of the FRP plate 

The fiber-reinforced plastic plate is made of composite material, 
which is alkali-free fabrics laminated with vinyl resin, and the alkali-free 
fabric is made of fiber-glass. The type of resin used in FRP is phenolic 
epoxy vinyl ester resin, which is made by modifying phenolic epoxy 

resin with methacrylic acid. In order to meet the mechanical properties 
requirements of replacing steel plates, the tensile and bending properties 
of FRP plates are tested. The modality of the tensile test specimen is 
shown in Fig. 1. The tensile test’s procedures are as follows [23]: (1) 
Measure the width and thickness of the specimens at any three points in 
the middle range (50 mm ± 0.5 mm scope, as shown in Fig. 1.) of the 
specimen, and take the arithmetic mean of three measurements; (2) 
Clamp the specimen so that the central axis of the specimen is aligned 
with the centerline of the upper and lower fixture. Load the force 
continuously at a uniform rate of 2 mm/min until the specimen is 
damaged and read the damage load value; (3) Install the deformation 
measuring instrument to measure the elasticity modulus. Apply the 
initial load on the specimen, which is about 5 % of the damage load. The 
automatic recording device is available so the test can be loaded 
continuously; (4) The specimen is invalidated if broken in the fixture or 
arc, and another specimen is taken to supplement. The photographs of 
the tensile tests and damaged specimens after the tensile tests are shown 
in Fig. 2 and Fig. 3, respectively. 

Table 1 shows that the maximum, the minimum and the average 
tensile strengths of the FRP are 370 MPa, 225 MPa and 321 MPa, 
respectively. The dispersion coefficient of the tensile strength is 0.1469. 
The maximum, the minimum and the average elasticity modulus of the 
FRP are 1.9459 × 104 MPa, 1.5023 × 104 MPa and 1.7843 × 104 MPa, 
respectively. The dispersion coefficient of the elasticity modulus is 
0.0875. The maximum, the minimum and the average elongation at 
break are 3.80 %, 2.86 % and 3.37 %, respectively. The dispersion co
efficient of the elongation at break is 0.1075. 

The modality of bending specimen is shown in Fig. 4. The specimen’s 
thickness h is 5 mm, and the tolerance of a group of specimens is ± 0.2 
mm. The specimen’s width b is 15 mm and the length l is 80 mm. The 
bending test’s procedures are as follows: (1) Number qualified speci
mens, measure the width and thickness of three points near the center of 
the specimens span, and take the arithmetic mean of three measure
ments; (2) Place the specimen in the middle of the support, and the 
longitudinal direction of the specimen is perpendicular to the upper 
indenter. The tester is adjusted so that the upper indenter for loading is 
exactly in contact with the specimen; (3) Apply the initial load on the 
specimen, which is about 5 % of the damage load; (4) When measuring 
bending strength and bending stress, the force is loaded continuously at 
a uniform rate of 10 mm/min until the specimen is damaged, and the 
damage load or maximum load value is read; (5) A deflection measuring 
device is installed at the bottom of the specimen to measure the elasticity 
modulus. Load forces continuously at a loading speed of 2 mm/min; (6) 
The specimen damaged outside the 1/3 middle range of the specimen 
should be scrapped. The photographs of the bending test and the 
damaged specimens after the bending tests are shown in Fig. 5 and 
Fig. 6, respectively. 

Table 2 shows that the maximum, the minimum and the average 
bending strength of the FRP are 450 MPa, 325 MPa and 377.14 MPa, 
respectively. The dispersion coefficient of the bending strength is 0.099. 
The maximum, the minimum and the average bending modulus are 6.65 
× 104 MPa, 5.26 × 104 MPa and 5.89 × 104 MPa, respectively. The 
dispersion coefficient of the bending strength is 0.084. 

The FRP can meet the mechanical properties’ requirements of the 
isolator’s stiffening material if both the tensile and the bending strengths 
are beyond 170 MPa [24]. The test results show that the FRP’s average 
tensile and bending strengths are 321 MPa and 377.14 MPa. So the FRP 
proposed in this paper could be used as stiffening plates instead of steel 
plates in laminated rubber bearings. 

3. Scheme design of the FRP seismic isolator 

The FRP seismic isolator is composed of a total of 11 FRP plate layers 
and 12 rubber layers. The size of the internal FRP plate of the FRP 
seismic isolator is 240 × 240 × 5 mm. The thickness of a single rubber 
layer is 4 mm, and the total thickness of rubber layers is 48 mm. The 
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cover rubber’s thickness is 10 mm. The size of the top and bottom 
connecting plate is 400 × 400 × 15 mm, and the total height of the 
isolator is 143 mm. The cross-section of the isolator is shown in Fig. 7, 
and the plan of the isolator is shown in Fig. 8. The first shape factor of 
the isolator is calculated as S1. 

S1 =
ab

2(a + b)tr1
=

240 × 240
2 × (240 + 240) × 4

= 15 (1)  

where, a, b and tr1 are the length, width and thickness of one FRP plate. 
The second shape factor of the isolator is calculated as S2. 

S2 =
b
tr
=

240
48

= 5 (2)  

where, tr is the total thickness of the FRP plates in the isolator. 

4. Mechanical performance tests of the FRP seismic isolator 

4.1. Design of experiments 

The vertical and horizontal mechanical performance tests of the FRP 
seismic isolator use the YJW-20000 model microcomputer control 
electro-hydraulic servo shear testing machine. It has a maximum loading 
capacity of 20,000 kN and a maximum displacement capacity of 1000 
mm in the vertical direction. It also has a maximum loading capacity of 
3000 kN and a maximum displacement capacity of ± 500 mm in the 
horizontal direction. Accuracy level is first grade. The test force range of 
the YJW-20000 testing machine is 0.4 %~100 % maximum loading 
capacity. The accuracy in the force measurement is 1 % of the maximum 
loading capacity. The accuracy in the displacement measurement is 0.5 
% of the maximum displacement capacity. 

First, the basic mechanical performance of the FRP seismic isolator is 
studied through the basic vertical compression performance test and the 
basic horizontal shear performance test, as shown in Figs. 9-18, 
respectively. The basic vertical compressive performance test is con
ducted under the vertical stress of (1 ± 30 %) P0.P0 is the vertical design 

Fig. 1. Tensile test specimen.  

Fig. 2. Tensile test of the FRP.  Fig. 3. Damaged specimens after the tensile test.  
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stress of 5 MPa. Set P1 as 0.7 times P0, and set P2 as 1.3 times P0. In the 
basic vertical performance test, the vertical compressive stress is applied 
in the loading sequence of 0-P0-P2-P0-P1 (first loading), P1-P0-P2-P0-P1 
(second loading), and P1-P0-P2-P0-P1 (third loading). Three cycles of 
loading were performed and take third hysteresis loop of the test curve 
to calculate vertical stiffness, as can be shown in Fig. 19. The basic 
horizontal shear performance test is investigated by applying vertical 
stress of 5 MPa and shear deformation up to 100 %γ, where γ is the shear 
deformation. The basic horizontal shear performance test takes a three- 
cycle sine wave horizontal force with a loading frequency of 0.05 Hz. 

Furthermore, study the shear strain correlation, vertical pressure 
correlation, and ultimate properties of the FRP seismic isolators. A series 
of mechanical performance tests were conducted on the FRP isolators as 
shown in Table 3. 

In order to investigate the correlation between the horizontal stiff
ness and shear strain of the FRP seismic isolator, the FRP seismic isolator 
is loaded to different shear strain levels under the same vertical 
compressive stress. The maximum shear strain is loaded to ± 100 %, 

Table 1 
Tensile properties of the FRP.  

Specimen No. Specimen width 
b (mm) 

Specimen 
thickness a (mm) 

Elasticity modulus E 
(£104 MPa) 

Poisson’s 
ratio ν 

Tensile strength 
Rm (MPa) 

Elongation at 
break εt1(%) 

Elongation at 
maximum load εt2 (%) 

1  12.00  4.92  1.7314  0.142 320  3.76  3.76 
2  12.16  5.00  1.5023  0.113 225  2.86  2.86 
3  10.80  4.52  1.7585  0.138 320  3.80  3.80 
4  10.50  4.50  1.9122  0.139 370  3.14  3.14 
5  11.58  4.50  1.9156  0.120 345  3.06  3.06 
6  11.22  4.40  1.9459  0.139 355  3.57  3.50 
7  12.10  4.62  1.7242  0.099 315  3.42  3.42 
Average  11.48  4.64  1.7843  0.127 321  3.37  3.37 
Dispersion 

coefficient  
0.0575  0.0493  0.0875  0.1309 0.1469  0.1075  0.1075  

Fig. 4. Bending test specimen.  

Fig. 5. Bending test of the FRP.  Fig. 6. Damaged specimens after the bending tests.  

Table 2 
Bending properties of the FRP.  

Specimen 
No. 

Specimen 
width 
b (mm) 

Specimen 
thickness 
a (mm) 

Span 
Ls 

(mm) 

Bending 
modulus 
Ef (£104 

MPa) 

Bending 
strength 
fM (MPa) 

1  16.480  5.000 64  5.43  325.00 
2  17.660  4.700 64  6.65  380.00 
3  15.200  5.000 64  5.79  380.00 
4  17.000  5.100 64  5.26  370.00 
5  15.900  4.800 64  5.76  370.00 
6  16.480  4.520 64  5.93  365.00 
7  15.800  4.720 64  6.39  450.00 
Average  16.360  4.834 64  5.89  377.14 
Dispersion 

coefficient  
0.050  0.043 0  0.084  0.099  
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±200 %, ±250 %, ±300 %, respectively, and vertical compressive stress 
is 5 MPa and 10 MPa, respectively. 

In order to investigate the correlation between the horizontal stiff
ness and vertical pressure of the FRP seismic isolator, the FRP seismic 
isolator is loaded to the same shear strain level under the different 
vertical compressive stresses. The maximum shear strain is loaded to ±
100 % and ± 200 %, respectively, and vertical compressive stress is 5 
MPa, 10 MPa and 15 MPa, respectively. 

In order to investigate the correlation between the horizontal stiff
ness of the FRP seismic isolator and loading frequency, the FRP seismic 
isolator is subjected to loading frequencies of 0.01 Hz and 0.05 Hz under 
5 MPa compressive stress and 100 % shear strain. 

In order to test the ultimate vertical capacity of the FRP seismic 
isolator, the ultimate compressive strength test of the isolator is carried 
out. Continuously apply vertical compressive stress to the isolator until 
the isolator is destroyed. In order to investigate the ultimate shear 
properties of the FRP seismic isolator, the FRP seismic isolator produces 

up to 300 % shear strain under the vertical compressive stress of 5 MPa 
and 10 MPa. 

4.2. The basic mechanical performance of the FRP seismic isolator 

The vertical compression stiffness is calculated using the third hys
teresis loop of the vertical force–displacement curve under 5 MPa, as 

Fig. 7. Cross-section of the FRP seismic isolator.  

Fig. 8. Plan of the FRP seismic isolator.  

Fig. 9. Vertical compression test (5 MPa).  

Fig. 10. Vertical compression test (10 MPa).  

Fig. 11. Horizontal shear test (5 MPa-100 %γ).  
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shown in Fig. 19. the horizontal equivalent stiffness is calculated using 
the third hysteresis loop of the horizontal force–displacement curve 
under 5 MPa-100 %γ, as shown in Fig. 20. The vertical compression 
stiffness and horizontal equivalent stiffness are 394.3 kN/mm and 0.70 
kN/mm, respectively. The equivalent vertical stiffness can be calculated 
according to Eq. (3). The equivalent horizontal stiffness can be calcu
lated according to Eq. (4). The equivalent damping ratio can be 

calculated according to Eq. (5). 

KV =
P2 − P1

Y2 − Y1
(3)  

where, Kv is the vertical equivalent stiffness; Y1 is the displacement 
corresponding to P1; Y2 is the displacement corresponding to P2. 

Fig. 12. Horizontal shear test (10 MPa-100 %γ).  

Fig. 13. Horizontal shear test (5 MPa-200 %γ).  

Fig. 14. Horizontal shear test (10 MPa-200 %γ).  

Fig. 15. Horizontal shear test (5 MPa-250 %γ).  

Fig. 16. Horizontal shear test (10 MPa-250 %γ).  

Fig. 17. Horizontal shear test (5 MPa-300 %γ).  
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Kh =
Q1 − Q2

X1 − X2
(4)  

where, Kh is the horizontal equivalent stiffness; Q1 is the maximum shear 
force; Q2 is the minimum shear force; X1 is the maximum displacement, 
X1 = trγ; X2 is the minimum displacement, X2 = tr(-γ). 

heq =
2ΔW

πKh(X1 − X2)
2 (5) 

where, heq is the equivalent damping ratio; ΔW is the envelope area 
of the hysteresis curve. 

The theoretical vertical stiffness of the steel plate bearing can be 

calculated according to Eq. (6) [25]. The theoretical horizontal stiffness 
of the steel plate bearing can be calculated according to Eq. (9). 

KV = Ec
A
tr

(6)  

Ec =
384
π4 GS2

1

(
1+ ρ2)

∑∞

m=odd

1
m4ξ2

m

(

1 −
2ρ

mπξm
tanh

(
mπξm

2ρ

))

(7)  

ξm =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
48GS2

1(1 + ρ)2

K(mπ)2

√

(8)  

Kh = G
A
tr

(9)  

where, A is the bearing plane area; Ec is the compression modulus; ρ is 
the aspect ratio of the support plane, ρ = a/b; K is the bulk modulus of 
rubber: G is the shear modulus of rubber; 

Suppose our proposed seismic isolation bearing is not made of the 
FRP plates but of the steel plates. The vertical stiffness of the steel- 
reinforced seismic isolation bearing calculated by Eq. (6) is 428.4 kN/ 
mm. The horizontal stiffness of the steel-reinforced seismic isolation 
bearing calculated by Eq. (9) is 0.54 kN/mm. The vertical stiffness test 
value of the FRP seismic isolation bearing in the paper is 394.3 kN/mm 
under vertical stress of 5 MPa, which is 8 % less than the horizontal 
stiffness of the steel-reinforced seismic isolation bearing. The horizontal 
stiffness test value of the FRP seismic isolation bearing in the paper is 0.7 
kN/mm under 5 MPa-100 % shear strain, which is 29 % greater than the 
horizontal stiffness of the steel-reinforced seismic isolation bearing. 

The shear-displacement response of the conventional steel-rubber 
bearing is linear [26–28] in the 375 % shear strain range. The shear- 
displacement response of the proposed FRP isolator is also approxi
mately linear, but horizontal stiffness decreases in the range of 100 % 
~250 % shear strain and then increases in the range of 250 %~300 % 
shear strain with the increase of shear strain. 

4.3. The correlation of horizontal stiffness and shear strain 

The shear strain correlation test results are listed in Table 4. The 
horizontal stiffness under 5 MPa-200 %, 250 %, and 300 % shear strain 
is equivalent to 91.43 %, 88.57 %, and 90.00 % of horizontal stiffness 
under the 5 MPa-100 % shear strain, respectively. The horizontal stiff
ness under 10 MPa-200 %, 250 %, and 300 % shear strain is equivalent 
to 95.08 %, 95.08 %, and 100.00 % of horizontal stiffness under the 10 
MPa-100 % shear strain, respectively. It can be seen from Table 4 that 
under vertical stress of 5 MPa, the horizontal stiffness of the bearing 
decreased from 0.7 kN/mm to 0.62 kN/mm, a decrease of 11.4 %, when 
the shear strain increased from 100 % to 250 %; and increased from 0.62 
kN/mm to 0.63 kN/mm, an increase of 1.6 %, when the shear strain 

Fig. 18. Horizontal shear test (10 MPa-300 %γ).  

Fig. 19. Vertical force–displacement curve under 5 MPa.  

Table 3 
The mechanical performance tests of FRP seismic isolators.  

Test items Test conditions 

Vertical compressive 
stress (MPa) 

Shear strain 

The basic vertical compressive 
performance test 

5 0 % 

The basic horizontal shear 
performance test 

5 100 % 

The shear strain correlation 
tests 

5, 10 100 %, 200 %, 250 
%, 300 % 

The vertical pressure 
correlation tests 

5, 10, 15 100 %, 200 % 

The ultimate vertical properties 
test 

Ultimate compressive 
stress 

0 % 

The ultimate shear properties 
test 

10 300 %  

Fig. 20. Horizontal force–displacement curve under 5 MPa-100 %γ.  
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increased from 250 % to 300 %. Under vertical stress of 10 MPa, the 
horizontal stiffness of the bearing decreased from 0.61 kN/mm to 0.58 
kN/mm, a decrease of 4.9 %, when the bearing shear strain increased 
from 100 % to 250 %; and increased from 0.58 kN/mm to 0.61 kN/mm, 
an increase of 5.2 %, when the bearing shear strain increased from 250 
% to 300 %. The change in horizontal stiffness of the bearing was within 
a stable range of 12 %. Therefore, under the same vertical compressive 
stress, the horizontal equivalent stiffness of the FRP seismic isolator first 
decreases and then increases with the increase of shear strain. However, 
the horizontal equivalent stiffness does not change much in the 100 
%-300 % shear strain range. 

4.4. The correlation of horizontal stiffness and compressive stress 

The compressive stress correlation test results are listed in Table 5. 
Compared with the shear strain of 5 MPa-100 %γ, the horizontal stiff
nesses of 10 MPa-100 %γ and 15 MPa-100 %γ are reduced by 12.86 % 
and 30.00 %, respectively. Compared with the shear strain of 5 MPa-200 
%γ, the horizontal stiffnesses of 10 MPa-200 %γ and 15 MPa-200 %γ are 
reduced by 9.38 % and 20.31 %, respectively. The horizontal stiffness 
under 10 MPa is reduced by about 10 % which is an acceptable range, 
and the horizontal stiffness decreases significantly under 15 MPa, with a 
decrease of 20–30 %. 

4.5. The correlation of horizontal stiffness and loading frequency 

The loading frequency correlation test results are listed in Table 6. 
Under the 5 MPa-100 %γ, with the horizontal force loading frequency 
increased from 0.01 Hz to 0.05 Hz, the horizontal equivalent stiffness of 
the FRP seismic isolator increased from 0.66 kN/mm to 0.70 kN/mm, 
which increases only 6.1 %. It can be seen from Table 6 that the hori
zontal stiffness of seismic isolation bearing is not sensitive to the loading 
frequency. 

4.6. The ultimate properties of the FRP seismic isolator 

The ultimate compressive stress-time curve is shown in Fig. 21. It can 
be seen that the ultimate compressive stress of the FRP seismic isolator is 
36 MPa. The 1/3 ultimate compressive stress, namely 12 MPa, can be 
taken as the maximum allowable vertical compressive stress of the FRP 

seismic isolator. The horizontal stiffness under 10 MPa-100 %, 200 %, 
250 %, and 300 % shear strain is equivalent to 87.14 %, 82.86 %, 82.86 
%, and 87.14 % of horizontal stiffness under the 5 MPa-100 % shear 
strain, respectively. It is judged that the horizontal stiffness of the FRP 
seismic isolator does not decrease significantly under 10 MPa vertical 
compressive stress. Therefore, the FRP seismic isolator’s maximum 
allowable vertical compressive stress is defined as 10 MPa to ensure that 
the isolator remains safe and stable in regular use. 

The horizontal force–displacement curves under 5 MPa-300 %γ and 
10 MPa-300 %γ have no obvious buckling, as shown in Fig. 22, and the 
horizontal equivalent stiffnesses of 5 MPa-300 %γ and 10 MPa-300 %γ 
are shown in Table 4. 

From Fig. 22 and Table 4, it can be seen that: Compared with the 
horizontal stiffness of 5 MPa-100 %γ, the horizontal stiffness of 5 MPa- 
300 %γ is reduced by 12.86 %, and compared with the horizontal 
stiffness of 10 MPa-100 %γ, the horizontal stiffness of 10 MPa-300 %γ is 
reduced by 30.00 %. So that the ultimate shear strain can reach 300 %. 

5. Numerical analysis of the FRP seismic isolator 

5.1. Finite element model 

Finite element modelling of the FRP seismic isolator was carried out 
with Abaqus software [29]. The FRP plate is simulated using C3D8 el
ements, and its elasticity modulus is 17.84 GPa. The rubber is simulated 
using the C3D8H hybrid elements. C3D8H element is intended primarily 
for use with incompressible and almost incompressible material 
behavior. Rubber is typically an incompressible material, so it is 
appropriate to use the C3D8H element to simulate rubber behavior. The 
material model of the rubber uses the Ogden (N = 3) model, which is 
stable within 700 % strain. The Ogden intrinsic model used for rubber 
materials is a molecular grid model based on rubber elasticity. The strain 
energy density function of the Ogden model is expressed by the principal 
stretches as variables, as follows: 

U =
∑N

i=1

2μi

α2
i
(λαi

1 + λαi
2 + λαi

3 − 3)+
∑N

i=1

1
Di

(J − 1)2i (10) 

Where λi are deviatoric principal stretches, λi = J− 1/3λi (i = 1,2,3), λi, 
λ2 and λ3 are the principal stretches; J is the volume ratio of rubber 
before and after deformation; Di is a parameter that measures the degree 
of compressibility of rubber, if Di is 0, the material is incompressible; μi 
and αi are material parameters, which can be obtained by experimental 
fitting. 

The initial shear modulus μ0 and initial bulk modulus K0 are given 
by: 

μ0 =
∑N

i=1
μi, K0 =

2
D1

(11) 

The rubber’s material parameters are as follows: μ1=0.63388 MPa, 
α1=0.102, μ2=5.07104 × 10-7 MPa, α2=2.006, μ3=0.038584 MPa, 
α3=4.114, K0=2430 MPa. Since there was no mutual peeling between 
the layers of materials during the isolator’s mechanical performance 
test, use the ‘Partition cell’ command to split the entire model so that 
two faces of adjacent layers in contact with each other become one face 
to ensure a reliable connection between adjacent layers. This method 

Table 4 
Shear strain correlation test results.  

Vertical 
compressive stress 
(MPa) 

Horizontal 
shear strain 

Horizontal 
equivalent stiffness 
(kN/mm) 

Equivalent 
damping ratio 

5 100 %  0.70  5.4 % 
5 200 %  0.64  5.8 % 
5 250 %  0.62  6.0 % 
5 300 %  0.63  6.1 % 
10 100 %  0.61  7.7 % 
10 200 %  0.58  7.6 % 
10 250 %  0.58  7.6 % 
10 300 %  0.61  7.6 %  

Table 5 
Compressive stress correlation test results.  

Vertical 
compressive stress 
(MPa) 

Horizontal 
shear strain 

Horizontal 
equivalent stiffness 
(kN/mm) 

Equivalent 
damping ratio 

5 100 %  0.70  5.4 % 
10 100 %  0.61  7.7 % 
15 100 %  0.49  10.5 % 
5 200 %  0.64  5.8 % 
10 200 %  0.58  7.6 % 
15 200 %  0.51  10.4 %  

Table 6 
Loading frequency correlation test results.  

Vertical 
compressive 
stress (MPa) 

Horizontal 
shear strain 

Loading 
frequency 
(Hz) 

Horizontal 
equivalent 
stiffness (kN/ 
mm) 

Equivalent 
damping 
ratio 

5 100 %  0.01  0.66  5.5 % 
5 100 %  0.05  0.70  5.4 %  
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reduces the number of nodes generated after mesh generation and 
avoids the contact nonlinearity problem arising from ‘tie’ constraint 
connections between different material layers. 

To accurately simulate the deformation of the inner rubber layer, the 
rubber layer is divided into four units vertically and 40 units horizon
tally. The FRP plate is divided into two units vertically and 40 units 
horizontally; the steel plate is divided into three units vertically and 66 

units horizontally. The isolator’s finite element model is shown in 
Fig. 23. 

5.2. Verification of the finite element model 

The finite element analysis of the FRP seismic isolator under 5 MPa- 
100 %, 200 %, 250 %, and 300 % shear strain is carried out, as shown in 

Fig. 21. Ultimate compressive stress-time curve.  

Fig. 22. Horizontal force–displacement curves under 300 %γ (a) 5 MPa, (b) 10 MPa.  

Fig. 23. Three-dimensional model of isolator.  
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Table 7. The maximum error between the simulated and experimental 
values of the horizontal equivalent stiffness of the FRP seismic isolator is 
only 4.7 %, so the simulation result of the FRP seismic isolator has high 
reliability. The horizontal force–displacement curves of FEM under 5 
MPa-100 %γ and 300 %γ are shown in Fig. 24 and Fig. 25, respectively. 
The hysteresis curve of the isolator is approximately a straight line. 

5.3. Horizontal stress analysis of the FRP seismic isolator 

The stresses of the first, third, and sixth layers of the FRP plate are 
extracted to study the relationship between the distribution of hori
zontal normal stress of FRP plates and the shear strain of the FRP seismic 
isolator. The distribution of horizontal normal stress along the length of 
the FRP plate is shown in Fig. 26. 

Fig. 26 shows that the peak horizontal normal stress of the FRP plate 
gradually shifts from the center to the ends of the FRP seismic isolator as 
the shear strain increases. With the increase of shear strain, due to the 
decrease of the effective loaded area of the FRP seismic isolator, the peak 
horizontal normal tensile stress of the FRP plate increases. The 
maximum horizontal stress appears in the middle of the first layer plate 
under the 5 MPa-100 % shear strain and moves to the right along the 
plate length as the shear strain increases. As seen in Fig. 26, from 100 % 
to 300 % shear strain, the peak horizontal stress of the sixth layer plate 
increased from 6.49 MPa to 10.84 MPa, which increased by 67.03 %. 
The peak horizontal stress of the third layer plate increased from 6.58 
MPa to 12.21 MPa, which increased by 85.56 %. The peak horizontal 
stress of the first layer plate increased from 6.58 MPa to 12.90 MPa, 
which increased by 96.04 %. The increase of peak horizontal tensile 
stress of the first plate layer is more significant than that of other plate 
layers. 

5.4. Vertical stress analysis of the FRP seismic isolator 

The vertical normal stress between the first, third and sixth rubber 
layers under the compressive stress of 5 MPa and shear strain of 100 %, 
200 %, 250 %, and 300 % is shown in Fig. 27. Fig. 27 shows that the 
rubber layer’s peak vertical compressive stress increases with the 
growth of shear deformation, and its position moves with the direction 

of shear deformation. With the increase of shear strain, the cross-section 
of the FRP plates and rubber layers changes from rectangular to paral
lelogram. The rubber layer in the diagonal acute angle regions of the 
parallelogram is in the vertical tension state. Because the isolator’s 
vertical load position changes as the isolator’s shear strain increases, the 
horizontal shear force and the vertical stress cause the P-Δ effects, 
resulting in large vertical and horizontal normal tensile stress in the 
acute angle regions at both ends of the isolator. And with the growth of 
the isolator deformation, the scope of the rubber layer under biaxial 
tension gradually expands. 

5.5. Interfacial shear stress analysis of the FRP seismic isolator 

The interfacial shear stress between the first, third and sixth rubber 
layer and the FRP plate under the compressive stress of 5 MPa and shear 
strain of 100 %, 200 %, 250 %, and 300 % is shown in Fig. 28. Fig. 28 
shows that when the shear strains reach 100 %, 200 %, 250 %, and 300 
%, the peak shear stresses are 0.81 MPa, 1.37 MPa, 1.75 MPa, and 2.14 
MPa, respectively, which are 0.162, 0.274, 0.35, and 0.428 times of the 
vertical pressure, respectively. Under minor shear strain, the interfacial 
shear stresses at different locations are relatively similar. With the 
growth of shear deformation, the peak interfacial shear stress of the sixth 
rubber layer and FRP plate gradually exceeds that of the other layers and 
becomes the new peak point position. 

6. Numerical simulation study of the effect of dimensional 
change of seismic isolators 

6.1. Horizontal stress analysis of the rectangular FRP seismic isolator 

The rectangular isolator with a plane size of 480 × 240 mm is 
designed. The rectangular isolator’s vertical and horizontal mechanical 
properties are analyzed and compared with the square isolator’s. The 
contours of horizontal normal stresses of the sixth FRP plate of square 
isolator and rectangular isolator under the vertical stress of 5 MPa are 
compared in Fig. 29 and Fig. 30. 

Fig. 29 and Fig. 30 show that the peak horizontal normal stresses in 
the FRP seismic isolator occur at the center of the plate, and the peak 
horizontal normal stresses in the rectangular and square isolator are 
6.68 MPa and 5.70 MPa, respectively. 

The contours of horizontal stresses of the square isolator and rect
angular isolator under the 5 MPa compressive stress and 300 % shear 
strain are compared in Fig. 31. It can be seen from Fig. 31 that both of 
the square and rectangular isolators’ peak horizontal normal stresses are 
tensile stress, which appears at the end of the first FRP plate. And the 
peak horizontal tensile stress of the rectangular isolator is 2.05 times 
that of the square isolator. The horizontal normal stresses of both iso
lators are concentrated in the obtuse angle regions of the bearing sec
tion. The horizontal stress in the remaining areas is small. The horizontal 

Table 7 
Comparison of simulated and tested values of the horizontal equivalent stiffness.  

Test 
conditions 

Horizontal equivalent stiffness 
(kN/mm) 

The simulated value/The 
tested value 

The tested 
value 

The simulated 
value 

5 MPa-100 %  0.70  0.70 1 
5 MPa-200 %  0.64  0.61 0.953 
5 MPa-250 %  0.62  0.60 0.968 
5 MPa-300 %  0.63  0.61 0.968  

Fig. 24. Horizontal force–displacement curve of FEM under 5 MPa-100 %γ.  

Fig. 25. Horizontal force–displacement curve of FEM under 5 MPa-300 %γ.  
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normal stress distributions are similar for square and rectangular 
isolators. 

The horizontal stiffness of the rectangular isolator calculated by Eq. 
(9) is 1.08 kN/mm. The horizontal stiffness of the numerical simulation 
is 1.22 kN/mm under 5 MPa-300 % shear strain, which is 13 % greater 
than the theoretical value of horizontal stiffness. The simulated stiff
nesses are in good agreement with the theoretical values. 

The horizontal equivalent stiffnesses of the rectangular isolator 
under the vertical compressive stress of 5 MPa and shear strain of 100 %, 
200 %, 250 %, 300 % are simulated, as shown in Table 8. Table 8 shows 
that the horizontal stiffnesses along the short axis direction of the 

rectangular isolator are 2.02, 2.01, 2.00, and 2.00 times that of the 
square isolator under the shear strain of 100 %, 200 %, 250 %, and 300 
%, respectively. The horizontal stiffnesses along the long axis direction 
of the rectangular isolator are 2.06, 2.04, 2.03, and 2.03 times that of the 
square isolator under the shear strain of 100 %, 200 %, 250 %, and 300 
%, respectively. It can be seen from Table 8 that the difference in hor
izontal stiffness of rectangular isolator in the long and short axis di
rections does not exceed 2 %. The horizontal equivalent stiffness of the 
rectangular isolator does not differ much when shear strain occurs along 
the short axis direction and the long axis direction of the rectangular 
isolator. The difference shows that the horizontal stiffness of the isolator 

Fig. 26. Distributions of horizontal normal stresses under 5 MPa-(a) 100 %γ, (b) 200 %γ, (c) 250 %γ, and (d) 300 %γ.  

Fig. 27. Distributions of vertical normal stresses under 5 MPa-(a) 100 %γ, (b) 200 %γ, (c) 250 %γ, and (d) 300 %γ.  
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is not related to the direction of the shear strain. 
The maximum horizontal normal stresses of the FRP plate inside 

rectangular and square isolators are compared in Table 9, which shows 
that the increase of the isolator plane size decreases the internal un
balance moment of the isolator and weakens the P-Δ effects. When the 
isolator shear deformation occurs, the FRP plate of the rectangular 
isolator is subjected to less horizontal normal tensile stress than that of 
the square isolator, and the greater the shear strain, the more 

pronounced the decline. 
The horizontal stress distributions of the first, third, and sixth FRP 

plate inside the rectangular isolator under different shear strains along 
the long axis are shown in Fig. 32. It can be seen from Fig. 26 and Fig. 32 
that the rectangular isolator has a core compression zone with broader 
scope and larger area than square isolators at the same shear deforma
tion level, which results in a lower peak horizontal tensile stress in the 
FRP plates. 

Fig. 28. Distributions of interfacial shear stresses under 5 MPa-(a) 100 %γ, (b) 200 %γ, (c) 250 %γ, and (d) 300 %γ.  

Fig. 29. Contours of horizontal stress in the long-axis direction of the sixth FRP plate (a) rectangular isolator, (b) square isolator.  

Fig. 30. Contours of horizontal stress in the short-axis direction of the sixth FRP plate (a) rectangular isolator, (b) square isolator.  
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The peak horizontal tensile stresses in each FRP plate of the rect
angular and square bearing both increase with the increase of shear 
strain. The peak horizontal tensile stress of the square bearing always 
appears in the first FRP plate. The peak horizontal tensile stress of the 
rectangular bearing appears in the sixth FRP plate under the 100 % shear 
strain and in the first FRP plate under the 200 %~300 % shear strain. 
When the shear strain increased from 100 % to 300 %, the peak hori
zontal tensile stress of rectangular bearing increased from 4.91 MPa to 
6.30 MPa, an increase of 28.31 %, and the peak horizontal tensile stress 
of square bearing increased from 6.58 MPa to 12.90 MPa, an increase of 
96.05 %. The peak horizontal tensile stress of square bearing increased 
more significantly than that of rectangular bearing with the increase of 
shear strain. 

6.2. Vertical stress analysis of the rectangular FRP seismic isolator 

The maximum vertical normal stresses of the rubber layer inside 
rectangular and square isolators are compared in Table 10. The vertical 
stress distributions of the sixth rubber layer inside rectangular and 
square isolators are compared in Fig. 33. It can be seen from Table 10 
and Fig. 33 that the sixth rubber layers of rectangular and square iso
lators are subjected to tensile forces at the ends and compressive forces 
in the middle area. The tensile and compressive areas of the rectangle 

isolator are larger than those of the square isolator, and the stress dis
tribution of the rectangular isolator is more uniform. 

The peak compressive stresses of both the rectangular and square 
bearing appear in the middle of the sixth rubber plate, and the peak 
tensile stresses appear at both ends of the sixth rubber layer. It can be 
seen from Table 10 that the difference between the peak vertical stress in 
the rectangular and square bearing is the largest at a shear strain of 300 
%. Under the 5 MPa-300 % shear strain, the maximum vertical tensile 
stress of the rectangular isolator is 0.83 times that of the square isolator, 
and the maximum vertical compressive stress is 0.65 times that of the 
square isolator. The peak vertical stresses of the rectangular bearing are 
smaller than those of the square isolator. 

From 100 % to 200 %, 250 %, and 300 % shear strain, the peak 
vertical tensile stresses increased by 629.41 %, 35.48 %, and 17.86 % for 
the square FRP seismic isolators, and by 625 %, 20.69 %, and 17.14 % 
for the rectangular FRP seismic isolators, respectively. From 100 % to 
200 %, 250 %, and 300 % shear strain, the peak vertical compressive 
stresses increased by 25.21 %, 43.42 %, and 67.25 % for the square FRP 
seismic isolators, and by 13.14 %, 19.30 %, and 25.98 % for the rect
angular FRP seismic isolators, respectively. The peak vertical tensile and 
compressive stress of the square isolator increases more significantly 
than that of the rectangular isolator with the increase of shear strain. 

6.3. Interfacial shear stress analysis of the rectangular FRP seismic 
isolator 

The maximum interfacial shear stresses of the FRP plate inside 
rectangular and square isolators are compared in Table 11. The distri
butions of the interfacial shear stress between the first, third and sixth 
rubber layers and FRP plates inside the rectangular isolator are shown in 
Fig. 34. 

It can be seen from Table 11, Fig. 28, and Fig. 34 that the peak 
interfacial shear stress of the FRP seismic isolator is not significantly 
affected by the isolator plane size. The shear stress at the end of the plate 
increases gradually with the increase in shear strain, and the end of the 
plate becomes the location of the peak interfacial shear stress. 

7. Analysis of the effect of P/RTR on the horizontal shear 
performance of the FRP seismic isolator 

The stiffness of the FRP seismic isolator depends mainly on the 
thickness of the FRP plates and internal rubber layers. Therefore, the 
excessive P/RTR will lead to large horizontal stiffness, thus affecting the 
seismic isolation effect. In order to investigate the effects of the P/RTR 
on the isolator’s horizontal shear performance, FRP seismic isolators 

Fig. 31. Contours of horizontal stresses under 5–300 %γ of (a) square isolator and (b) rectangular isolator.  

Table 8 
The horizontal equivalent stiffness of rectangular isolators.  

Boundary condition Horizontal equivalent stiffness (kN 
/mm) 

(Khl-Khs) /Khs 

Short axis Khs Long axis Khl 

5 MPa-100 %  1.414  1.442  1.98 % 
5 MPa-200 %  1.226  1.245  1.55 % 
5 MPa-250 %  1.197  1.215  1.50 % 
5 MPa-300 %  1.217  1.241  1.97 %  

Table 9 
Maximum horizontal normal stresses of the FRP seismic isolators.  

Boundary condition Maximum horizontal tensile 
stress of plate (MPa) 

Rectangular/Square 

Square Rectangular 

5 MPa-100 %  6.58  4.91  74.62 % 
5 MPa-200 %  8.56  5.60  65.42 % 
5 MPa-250 %  10.30  5.92  57.48 % 
5 MPa-300 %  12.90  6.30  48.83 %  
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Fig. 32. Distributions of horizontal normal stresses along the long-axis under 5 MPa-(a) 100 %γ, (b) 200 %γ, (c) 250 %γ, and (d) 300 %γ.  

Table 10 
Maximum vertical normal stresses of the FRP seismic isolators.  

Boundary condition Maximum vertical tensile 
stress of plate (MPa) 

Maximum vertical 
compressive stress of 
plate (MPa) 

Square Rectangular Square Rectangular 

5 MPa-100 %  0.17  0.16  10.87  9.43 
5 MPa-200 %  1.24  1.16  13.61  10.67 
5 MPa-250 %  1.68  1.40  15.59  11.25 
5 MPa-300 %  1.98  1.64  18.18  11.88  

Fig. 33. Distributions of vertical normal stresses inside rectangular and square isolators under 5 MPa-(a) 100 %γ, (b) 200 %γ, (c) 250 %γ, and (d) 300 %γ.  

Table 11 
Maximum horizontal normal stresses of the FRP plate.  

Boundary condition Maximum interfacial shear 
stress of plate (MPa) 

Rectangular/Square 

Square Rectangular 

5 MPa-100 %  0.81  0.77  95.06 % 
5 MPa-200 %  1.37  1.36  99.27 % 
5 MPa-250 %  1.75  1.68  96.00 % 
5 MPa-300 %  2.14  2.02  94.39 %  

H. Wang et al.                                                                                                                                                                                                                                   



Engineering Structures 275 (2023) 115108

15

with different P/RTR are designed to perform numerical simulation 
analysis. Parameters of the FRP seismic isolator models are shown in 
Table 12. In this paper, the P/RTR of the steel plate rubber laminated 
bearing is referred to, and a suitable range of P/RTR is selected. The P/ 
RTR is between 0.8 and 1.2. The P/RTR selected in this paper can study 
the effect of the P/RTR on the stress distribution of the bearing. 

7.1. Influence of P/RTR on the horizontal stress 

The position of peak horizontal tensile stress appears at the first FRP 
plate, so the horizontal normal stresses of the first FRP plate in the FRP 
seismic isolators with different P/RTR are extracted, as shown in Fig. 35. 
It is shown in Fig. 35 that the shape of the horizontal stress distribution is 
not affected by the P/RTR. The horizontal compressive stress appears at 
the left end of the first plate layer. The compressive stress increases to 
peak compressive stress along with the plate’s length from left to right 
then decreases to 0 MPa and gradually becomes horizontal tensile stress. 
The horizontal tensile stress increases to peak horizontal tensile stress 
and then decreases from left to right. 

The peak horizontal tensile stresses at 5 MPa-100 % shear strain are 
6.58 MPa, 8.40 MPa, and 11.16 MPa for the 1.2, 1, and 0.8P/RTR, 
respectively. The peak horizontal tensile stresses at 5 MPa-200 % shear 
strain are 8.56 MPa, 10.88 MPa, and 14.75 MPa for the 1.2, 1, and 0.8P/ 
RTR, respectively. The peak horizontal tensile stresses at 5 MPa-300 % 
shear strain are 12.90 MPa, 15.53 MPa, and 27.22 MPa for the 1.2, 1, 
and 0.8P/RTR, respectively. Therefore, the increase in the P/RTR re
duces the peak horizontal tensile stress in the FRP plates. 

7.2. Influence of P/RTR on the vertical stress 

From Fig. 27, it can be seen that at 5 MPa-100 % shear strain, the 
vertical stress of the first rubber layer of the isolator is maximum, so the 
vertical normal stresses of the first rubber layer are extracted, as shown 
in Fig. 36. It can be seen from Fig. 36 that the vertical stress distribution 
of the 1.2P/RTR and the 1P/RTR is almost the same. The reason for this 
phenomenon is that the rubber thickness is the same resulting in the 
same shear strain. Thus, the vertical stress distribution of the plate is the 
same when the rubber layers’ thickness are the same. It can be seen from 
Fig. 36 that the peak vertical normal stress of the 0.8P/RTR is greater 
than that of the 1.2 and 1P/RTR. The reason for this phenomenon is that 
the increase in rubber thickness leads to an increase in shear strain and a 
decrease in the effective loaded area of the isolator. Thus, the vertical 
stress increases when the rubber layers’ thickness increases. The vertical 
normal stress of the inner rubber layer is affected by the strain of the 
rubber layer. If the thickness of the rubber layer is constant, the peak 
vertical normal stress is unchanged. The peak vertical normal stress is 
increased by increasing the thickness of the rubber layer. 

7.3. Influence of P/RTR on the interfacial shear stress 

As the peak interfacial shear stress position appears between the 
sixth FRP plate and rubber layer, the interfacial stress distributions be
tween the sixth FRP plate and rubber layer are extracted, as shown in 
Fig. 37. It can be seen from Fig. 37 that the peak interfacial shear stress is 
affected by the strain of the rubber layers. Comparing the 1.2P/RTR and 
the 1P/RTR, the interfacial stress value of the plate layer is almost the 
same. It can be concluded that the interfacial stress is the same when the 

Fig. 34. Distributions of interfacial shear stresses along the long-axis under 5 MPa-(a) 100 %γ, (b) 200 %γ, (c) 250 %γ, and (d) 300 %γ.  

Table 12 
Parameters of FRP seismic isolators with different P/RTR.  

NO. Isolator parameters/mm 

Length ×
Width 

Thickness of a single FRP plate ×
Quantity 

Thickness of a single rubber sheet ×
Quantity 

Connecting plate 
thickness 

Isolator total 
high 

Thickness 
ratio 

M− 1 240 × 240 5 × 11 4 × 12 15 133 1.2 
M− 2 240 × 240 4 × 11 4 × 12 15 122 1 
M− 3 240 × 240 4 × 11 5 × 12 15 134 0.8  
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thickness of the rubber layer is the same. 
The peak interfacial shear stress under the shear strain of 100 % is 

located at 1/5 of the plate length from the left end of the layer. The peak 
interfacial shear stresses under the shear strain of 200 % and 300 % are 
at the right end of the layer. The peak interfacial shear stresses were 
0.82 MPa, 1.39 MPa, 2.18 MPa for the 1P/RTR and 0.87 MPa, 1.55 MPa, 
1.99 MPa for the 0.8P/RTR under the 5 MPa-100 %, 200 %, 300 % shear 
strain, respectively. The peak interfacial shear stress is only related to 
rubber thickness, not to plate thickness. The peak interfacial shear 
stresses increase with increasing of rubber thickness under the shear 
strains of 100 % and 200 %, and decrease under the shear strain of 300 
%. 

8. Conclusions 

This paper developed a new type of low-cost seismic isolator, which 
replaced the steel plate in the traditional rubber seismic isolator with 
FRP plates. The FRP plate used as stiffening plate is made of vinyl resin 
and alkali-free cloth. The FRP seismic isolator is designed with upper 
and lower sealing plates to increase its stability, and the FRP plate is 
processed by brushing and other processes to increase the adhesion 
between the FRP plate and rubber. Firstly, the mechanical performances 
of FRP plates were tested by tensile and bending tests of the FRP plates. 
The tests showed that both of the tensile and bending strengths of the 
FRP plate are greater than 170 MPa, which could be used as the stiff
ening plate in the rubber seismic isolator. 

Secondly, The mechanical performances of the FRP seismic isolator 
were tested by the vertical compressive performance test, horizontal 
shear performance test, ultimate performance test, shear strain 

Fig. 35. Distributions of horizontal normal stresses of the first plate layer under 
5 MPa-(a) 100 %γ, (b) 200 %γ, and (c) 300 %γ. 

Fig. 36. Distributions of vertical normal stresses of the first rubber layer under 
5 MPa-(a) 100 %γ, (b) 200 %γ, and (c) 300 %γ. 
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correlation tests, compressive stress correlation tests and loading fre
quency correlation tests. It could be concluded that the horizontal 
equivalent stiffness of the FRP seismic isolator was 0.7 kN/mm, the 
vertical stiffness was 394.3 kN/mm, the maximum allowable vertical 
compressive stress was defined as 10 MPa, and the ultimate strain could 
reach 300 % total rubber thickness. The following conclusions were 
drawn: I The horizontal equivalent stiffness is not so much affected by 
shear strain variation. Either at 5 MPa or 10 MPa compressive stress, the 
change in horizontal equivalent stiffness from 100 % to 300 % of shear 
strain is within 20 %. II Compared with the compressive stress of 5 MPa, 
the horizontal equivalent stiffness under 10 MPa was reduced by about 
10 %, which is an acceptable range, and the horizontal equivalent 
stiffness decreased significantly under 15 MPa with a decrease of 20–30 
%. III The effect of loading frequency on the horizontal equivalent 
stiffness of the FRP seismic isolator was insignificant. When the 

horizontal force loading frequency increased from 0.01 Hz to 0.05 Hz, 
the horizontal equivalent stiffness of the FRP seismic isolator increased 
by 6.1 %. 

Moreover, the mechanical properties of the FRP seismic isolators 
were further explored through numerical simulations. The results of the 
numerical model were compared with experimental data to verify the 
reliability of the numerical model. Numerical simulations were per
formed to investigate the stress distribution and values inside the FRP 
isolator. It could be concluded that: I The peak horizontal tensile stress 
appears in the middle of the first layer FRP plate under the 5 MPa-100 % 
shear strain and moves to the right along the plate length as the shear 
strain increases. The increase of peak horizontal tensile stress of the first 
plate layer is more significant than that of other plate layers with the 
increase of shear strain. II The vertical normal stress increases with the 
increase of shear strain. The vertical normal stress positions were kept in 
the center of the middle layer. III The peak interfacial shear stress in 
each layer increases with the increase of shear strain. The peak inter
facial shear stress under the shear strain of 100 % is at 1/5 of the plate 
length from the end of the layer near the connecting plate. As the in
crease of shear strain, the peak interfacial shear stress of the middle layer 
end became the new peak point position. 

Furthermore, the effects of the plane size on the isolator performance 
has been studied. It could be concluded that:I The horizontal normal 
stress distributions are similar for square and rectangular isolators. The 
horizontal normal stresses of both isolators are concentrated in the 
obtuse angle regions of the bearing section. The peak horizontal tensile 
stress of the square isolator increases more significantly than that of the 
rectangular isolator with the increase of shear strain. II The tensile and 
compressive areas of the rectangle isolator are larger than those of the 
square isolator, and the stress distribution of the rectangular isolator is 
more uniform. The peak vertical compressive and tensile stress of the 
square isolator increases more significantly than that of the rectangular 
isolator with the increase of shear strain. III The peak interfacial shear 
stress of the FRP seismic isolator is not significantly affected by the 
isolator plane size. IV The increase of FRP seismic isolator plane size 
reduced the internal unbalance torque of isolators and weakened the P- 
Δ effects. The greater the shear strain, the more pronounced the decline. 

Last but not the least, the effect of the P/RTR on the isolator per
formance has been studied. It could be concluded that:I The increase in 
P/RTR would reduce the peak value of the horizontal tensile stress, and 
the P/RTR did not affect the distribution of the horizontal stress. II The 
peak vertical normal stress was increased by increasing the thickness of 
the rubber layer. The vertical stress distribution of the plate is the same 
when the rubber layers’ thickness are the same. III The peak interfacial 
shear stress is only related to rubber thickness, not to plate thickness. 
The peak interfacial shear stress increased with increasing rubber 
thickness under the shear strains of 100 % and 200 %, and the peak 
interfacial shear stress decreased with increasing rubber thickness under 
the shear strain of 300 %. The interfacial shear stress distribution is the 
same when the thickness of the rubber layer is the same. 

From the results of experimental studies and numerical simulations, 
it can be seen that the proposed FRP seismic isolator has stable me
chanical properties. The proposed FRP seismic isolator can provide 
sufficient vertical stiffness and load-bearing capacity, while having good 
deformation capability to provide seismic isolation. The experiments 
and numerical simulations also showed that the proposed FRP seismic 
isolator did not exhibit buckling instability and tearing between the 
plate and rubber under 15 MPa-200 % shear strain and 10 MPa 300 % 
shear strain. Therefore, the FRP seismic isolator developed in this paper 
has great engineering application value. In future studies, the applica
tion of seismic isolation bearings in actual engineering structures will be 
studied. The seismic response and seismic isolation effect of the isolated 
structure will be investigated by numerical simulation and shaking table 
tests. The economics of FRP seismic isolators compared to steel-rubber 
seismic isolators will also be analyzed. 

Fig. 37. Distributions of interfacial shear stresses of the first rubber layer under 
5 MPa-(a) 100 %γ, (b) 200 %γ, and (c) 300 %γ. 
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