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Abstract

To improve the ability of disaster prevention and mitigation of bridges and realize the seismic resilience of traffic, this paper
combines the elastic buckling characteristics of steel plates with the mechanical properties of laminated rubber bearings
based on the principle of seismic isolation, and proposes a steel plate-laminated rubber composite seismic isolation bear-
ing. The mechanical properties of steel plates were analyzed by ABAQUS software, and it was found that the shear stiffness
of the steel plates before and after buckling had bilinear characteristics. The stiffness of the steel plate, the stiffness ratio
before and after buckling, and the critical buckling load decreased with the increase of height-width ratio. According to the
numerical regression, the precise formulas of the initial shear stiffness, the stiffness ratio before and after buckling, and the
critical buckling load of the steel plate are proposed. Finally, by studying the seismic performance parameters of the alter-
native seismic isolation bearing, such as dissipation energy, shear stiffness, and equivalent viscous damping coefficient, the
results show that the outer steel plate of the alternative type of bearing is in parallel with the rubber. The peripheral steel
plate improves the overall energy dissipation capacity of the bearing. Under reciprocating load, the bearing exhibits three-
stage characteristics, which can meet the performance requirements of bridge earthquake prevention and disaster reduction.

Keywords Seismic isolation - Steel plate - Buckling - Laminated rubber bearing - Shear stiffness - Height-width ratio

1 Introduction

As a control project of transportation infrastructure, the
bridge is one of the lifeline projects of earthquake relief.
For nearly a century, bridge seismic resistance has been
an important research direction bridge engineering. Since
the 1970s, significant progress has been made in theoreti-
cal research and engineering application of bridge seismic
isolation technology (Yan et al., 2017). At present, the
bearings used in the seismic design of bridge engineering
are mainly laminated rubber bearings (Bhuiyan & Ahmed,
2007; Dario, 2003; Gent & Meinecke, 1970; Koh & Kelly,
1998; Tsai & Hsueh, 2001; Wang et al., 2014), sliding fric-
tion bearings (Fan et al., 2014; Pranesh & Sinha, 2000; Tsai
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et al., 2003, 2005; Tyler, 1977), lead rubber bearings (Rob-
inson, 1982; Yan et al., 2020), hyperbolic spherical bear-
ings (Tianbo et al., 2007), cable damping bearings (Wan-
cheng et al., 2010). These seismic isolation bearings can not
only effectively play the role of seismic isolation, but also
improve the structural performance of bridge structure after
the earthquake, and meet the rapid recovery of bridge func-
tion after the earthquake (Jian-zhong & Zhong-guo, 2017;
Xilin et al., 2019). With the deepening of the understanding
of earthquake disasters, the methods and theories of bridge
seismic fortification have also been continuously improved.
The focus of bridge seismic research has gradually shifted to
seismic toughness with resilience, easy repair, and avoiding
brittle failure (Wan-cheng et al., 2021). Seismic resilience
emphasizes the functional recoverability of bridges, but if
the seismic measures with stability are cumbersome and
inefficient, it is challenging to be popularized. Therefore,
it is of great engineering significance to design a bridge
seismic resilience isolation device with a simple structure,
apparent mechanical behavior, and excellent isolation effect.

As an efficient structural member, steel plate is widely
used in high-rise and super high-rise structures due to its
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superior energy dissipation and good ductility. A lot of
research reveals that the hysteresis curve of steel plate has
an evident pinch appears. Tian Jie et al. (Jie et al., 2014;
Shenggang et al., 2016; Zhouyi et al., 2019) found that a
small amount of ultra-low yield point steel in the structure
can achieve a significant seismic isolation effect. Liu Wei-
ging et al. (Weiqing et al., 2016; Wang et al., 2020; Weiqing
et al., 2016; Sun et al., 2021, 2022a, b) designed different
forms of structural energy dissipation devices by using this
pinching characteristic. Saadatnia and Sheikhi combined
rubber bearings with toughness damping devices for energy
dissipation (Saadatnia et al., 2019; Wang & Bi, 2019). F.
Sutcu et al. found that perforated buckling steel plate shear
walls can improve the strength and ductility of the reinforced
concrete frames to achieve sufficient seismic performance
level (Sheikhi et al., 2020).

To conform to the concept of seismic resilience, this
paper puts forward the design concept of seismic isolation
bearing similar to a fuse. An alternative type of steel plate-
laminated rubber composite seismic isolation bearing is
proposed by replacing the lead rod in lead rubber bearing
with peripheral shear steel plate. The mechanical properties
of steel plates before and after buckling and the mechanical
properties of the alternative bearing are studied emphati-
cally. The peripheral steel plate can not only provide high
horizontal shear stiffness, but also dissipate energy through
hysteresis as a non-critical component in the earthquake to
protect the key features, and it is easy to replace after the
quake.

Bolt hole

Upper cover plate—\\/ r :

S

Steel plate

Lower cover plate

2 Steel Plate-Laminated Rubber Composite
Isolation Bearing

The alternative type of bearing comprises of the peripheral
steel plate and laminated rubber bearing, mainly includ-
ing: upper (lower) cover plate, laminated rubber bearing,
peripheral steel plate, etc. In addition, there is no contact
between the peripheral steel plate and the laminated rub-
ber, and the peripheral steel plate is welded with the upper
cover plate and the lower cover plate. The alternative type
of bearing structure is shown in Fig. 1.

The seismic isolation mechanism of the alternative
bearing: In regular use, the laminated rubber in the bearing
has sufficient vertical bearing capacity, and the peripheral
steel plate provides sufficient horizontal shear stiffness,
which can make up for the lack of shear stiffness of the
bearing under the action of temperature, automobile brak-
ing force and concrete creep. Under a small earthquake, the
peripheral steel plate is in the elastic stage, and the whole
bearing is in the isolation state with self-resetting ability.
Under the action of the medium earthquake, the outer steel
plate is in the elastic buckling stage, and the local out-of-
plane buckling occurs in the compression zone. However,
it can still be restored under the act of reciprocating earth-
quake load, so it also has the ability of self-reset. Under
the action of large earthquakes, the peripheral steel plate
is in the elastic—plastic and plastic stages, and the seismic
force transmitted by the substructure of the bridge is dis-
sipated by reciprocating elastic—plastic deformation, and
the whole bearing is in a damping state.

This alternative type of seismic isolation bearing can
effectively compensate for the disadvantage of insufficient
shear resistance of rubber bearing, and prevent the block
from being damaged or even falling off the beam due to
the out-of-control of horizontal displacement. Moreo-
ver, the bearing dissipates energy through the hysteresis

Laminated rubber

~ Rubber layer

Steel plate layer

Fig. 1 Structural form of steel plate-laminated rubber composite isolation bearing
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of steel plates under strong earthquakes without losing
its damping capacity. In addition, the elastic and elastic
buckling stage of steel plates has the self-centering abil-
ity, which conforms to the resilience of seismic toughness;
the rapid replacement of scrapped steel plates after major
earthquakes conforms to the easy reparability in seismic
toughness.

3 Mechanical Properties of Steel Plate

3.1 First-Order Buckling Mode

Based on the seismic isolation mechanism of the alterna-
tive bearing, this paper uses ABAQUS finite element soft-
ware to analyze the mechanical properties of the periph-
eral steel plate. The material of the steel plate is defined
as Q235 steel. The elastic modulus is E=2.06x 10" Pa,
and the Poisson’s ratio is 0.3. The constitutive model of
steel plate is a bilinear kinematic hardening model and
simulated by C3D8R element. To study the effect of the
height-width ratio (p =H/L) on the mechanical properties
of the steel plate, the thickness of the steel plate is con-
trolled to be 5 mm, the width is 200 mm, and only the
height of the steel plate is changed. When the boundary
conditions are established, the lower end of the steel plate
is completely fixed, the upper side only releases the degree
of freedom in the X direction, and there is no constraint
on both sides. Considering the geometric nonlinearity, the
first-order buckling mode of the steel plate is applied as
the initial defect of the steel plate. The unit load applied
in the X direction on the upper side of steel plate. The
first-order buckling modal diagram of steel plates with dif-
ferent height-width ratios under horizontal load is shown
in Fig. 2.

It can be seen from Fig. 2 that the out-of-plane instabil-
ity of steel plate will occur under horizontal load. Because
there is no constraint on both sides of the steel plate, out-
of-plane deformation occurs along the edge of both sides.
With the increase of height-width ratio (f =H/L), the
buckling wavelength of the free edge increases. At this
time, the steel plate loses its stiffness, and the bearing
capacity is temporarily lost. When the load reverses, the
direction of the buckling half-wave changes accordingly,
and the bearing capacity is gradually restored after the new
buckling half-wave is formed (Sutcu et al., 2020).

3.2 Load-Displacement Curve
To study the influence of height—width ratio (3 =H/L) on

the mechanical properties of steel plates, six groups of
steel plates with different sizes were monotonically loaded,

and the load—displacement curves at the buckling wave
crest and the whole steel plate were extracted respectively,
as shown in Fig. 3.

It can be seen from Fig. 3 that when the load reaches
a specific value, the steel plate will undergo out-of-plane
buckling, and the shear stiffness will also decrease. With
the increase of the height-width ratio, the critical buckling
load of the steel plate decreases, and the steel plate is easy
to enter the elastic buckling stage. However, the larger the
height-width ratio is, the elastic stage of the steel plate will
be significantly shortened, and the initial shear stiffness
will be reduced to a large extent, which is unfavorable for
the overall force of the structure. Therefore, the economic
applicability should be taken as the criterion.

At the beginning of loading, the steel plate is in the elastic
stage, only in-plane deformation. When loaded to the critical
load, the steel plate enters the elastic buckling stage. With
the increase of load, the steel plate enters the plastic stage
again, resulting in sizeable out-of-plane deformation. Its
energy dissipation capacity increases with the rise of plastic
deformation until complete failure.

According to the results of finite element calculation, the
initial shear stiffness (K), post-buckling shear stiffness (K,),
pre-buckling and post-buckling shear stiffness ratio (n =K,/
K,), and critical buckling load (Qy) of steel plates under
horizontal load change with different height-width ratios
(B=H/L), as shown in Figs. 4 and 5.

It can be seen from Table 2 and figure that the initial
shear stiffness (K;), post-buckling shear stiffness (K,), and
critical buckling load (Qy) of steel plate decrease gradually
with the increase of height-width ratio 8, and the decreas-
ing trend slows down gradually to 0. It shows that the larger
the height-width ratio, the lower the influence of shear stiff-
ness and buckling load. The shear stiffness ratio (1) before
and after buckling decreases approximately linearly with
the increase of height-width ratio (f), which shows that the
larger the height-width ratio is, the more significant the dif-
ference of stiffness before and after buckling is, and the more
pronounced the pinch phenomenon of steel plate is.

4 Accurate Calculation Formula

4.1 The Calculation Formula of Initial Shear
Stiffness

Referring to Technical Specification for Steel Plate Shear
Walls (Yan-lin & Ming, 2011), the horizontal shear stiffness
of the formula for the initial horizontal shear stiffness K of
two-sided consolidated non-stiffened steel plate shear walls,
such as Eq. 1. The accurate Eq. 2 of horizontal shear stiff-
ness is proposed by fitting the finite element calculation data.
The calculation results of the formula are shown in Table 1.
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where L, is the net span of steel plate shear wall. H, is the
net height of steel plate shear wall; K|, steel plate shear wall
initial shear stiffness (N/mm). E is the elastic modulus of
steel (N/mm?). v is the Poisson 's ratio of steel, generally
taken 0.3. 7, is the thickness of the steel plate shear wall.

It can be seen from Table 2 that Eq. 1 can better calculate
the initial horizontal shear stiffness of the steel plate con-
nected to both sides. However, the error between the finite
element value and the Eq. 1 value is relatively large, basi-
cally about 4-12%. Compared with the original formula,
the error of the revised procedure is significantly reduced,
and the error is reduced to less than 2%, which meets the
accuracy of the research needs. This shows that the revised
formula has high calculation accuracy.

4.2 The Calculation Formula of Stiffness Ratio

—o— QY
e E—— Before and After Buckling
‘ H0.9
- 6. 0x10" . " The existing research literature (JGJT, 2015) provides the
\_‘g -\ dos % shear stiffness ratio (1) calculation formula of steel plates
o oao - = 2 before and after buckling, such as Eq. 3. An accurate stiff-
e \ z ness ratio Eq. 4 is proposed by fitting the finite element
£ '\_ 1 § calculation data. The calculation results of the formula are
2 ool - ~, shown in Table 2.
o. 10.6
\ n=0.14In(L,/H,) —0.1181n (H,/1,) + 1.24 3)
0.0 L — a alos
0.0 0.5 1.0 L5 2.0 2.5
B (H/L) n=0.11n[6+0.158(H,/1,)] A
—1.012In[3.5+0.75(H,/L,)] + 1.93 @
Fig.5 Curves of B- Qy and - n
It can be seen from Table 2 that the calculation error of
the formula proposed in Reference (Yan-lin & Ming, 2011)
K, = E-1, (1) is within 14%. The improved formula proposed in this paper
1/(L./H)* +24-(1+v)/(L./H,) can effectively reduce the error and control the error within
5%, thus verifying the accuracy of Eq. 4.
Table 1 Initial shear stiffness of Groups H/L K,(N/m) Error (%)
steel side plate (K)
Finite element solution Form (1) Form (2) Form (1) Form (2)
1 0.25 1,432,298.80 1,256,873.53 1,415,678.67  12.25 1.16
2 0.50 648,121.84 593,471.81 641,963.64 8.43 0.95
3 1.00 257,057.13 242,718.45 252,812.54 5.58 1.65
4 1.60 115,543.70 110,035.21 113,335.65 4.77 1.91
5 2.00 73,630.90 70,224.72 72,497.58 4.63 1.54
6 2.40 49,414.20 46,921.92 48,715.89 5.04 1.41
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Table 2 Stiffness ratio of steel plate before and after buckling (1)

Groups 1 Error (%)
Finite Form (4) Form (3) Form (4) Form (3)
element
solution

1 0.84 0.88 0.84 4.71 0.10

2 0.82 0.79 0.82 3.89 0.29

3 0.81 0.7 0.77 13.76 4.18

4 0.7 0.63 0.71 9.35 1.17

5 0.66 0.61 0.66 8.32 0.60

6 0.62 0.58 0.62 6.29 0.08

Error = (finite element value — formula value/(formula value)) X 100%

Table 3 Stiffness ratio of steel plate before and after buckling (n)

Groups  H//t, HJ/L, Qy(N) Error (%)
Finite ele- Form (5)
ment solu-
tion

1 25.00 0.25 7153.08 7235.92 1.16

2 50.00 0.50 1638.67 1585.76 -3.23

3 100.00  1.00 342.27 341.48 -0.23

4 160.00  1.60 101.54 104.47 2.88

5 200.00  2.00 58.62 59.53 1.56

6 240.00 2.40 37.88 37.60 -0.73

Error = (finite element value — formula value/(formula value)) x 100%

4.3 Calculation Formula of Critical Buckling Load

Through the numerical regression of the critical buckling
load calculated by the finite element method, and according
to the empirical formula of the existing research literature,
the calculation formula of the buckling load of the two-side
consolidated steel plate is obtained, as Eq. 5. To further
verify the accuracy of the formula, Table 3 lists the results
of finite element calculation and Eq. 5.

mEL,t, (H,\ " H,
= —<<1
4520 \ L,

zELt, (H,\ >*
4600 \ L

e

™~

Qy= )

|

> 1

Le

It can be seen from Table 3 that the data obtained from
the calculation Eq. 5 of the critical the buckling load of the
steel plate with opposite consolidation and opposite freedom
proposed in this paper and the results of the finite element
numerical analysis is controlled within 2.88%. It can be said
that the proposed calculation Eq. 5 is relatively accurate.

5 Mechanical Properties of Alternative Type
Seismic Isolation Bearing

5.1 Equivalent Model of Alternative Type Seismic
Isolation Bearing

For the alternative type seismic isolation bearing proposed
in this paper, the equivalent simplified model of the structure
is shown in Fig. 6. Vertical stiffness K, is mainly provided
by laminated rubber. The laminated rubber and the external
steel plate are parallel systems, so the horizontal shear stift-
ness is provided by the steel plate and the laminated rubber
together. It is assumed that the total stiffness of the horizon-
tal lateral resistance is the sum of the steel plate stiffness
K, and the laminated rubber bearing K, and the damping is
C. To verify this view, the modeling stress analysis of the
alternative bearing is carried out.

5.2 Finite Element Modeling of the Alternative Type
Bearing

The steel plate is divided into the thin plate (A >300),
medium-thick plate (300 > A > 100), and thick plate (A <100)
according to its height-thickness ratio (A). The thick plate is
dominated by energy consumption, but the self-centering
ability is not reasonable under reciprocating load. The elastic
buckling of the thin steel plate is very prominent, but the
energy consumption level will decrease, and the medium-
thick plate has both characteristics. To provide sufficient
lateral stiffness and control the height-thickness ratio of the
steel plate, the steel plate can be stratified along the thick-
ness direction during modeling. After delamination, the hor-
izontal shear stiffness is equal to the sum of the stiffness of
each layer, and the elastic buckling becomes evident with the
increase of the height-thickness ratio of each layer. In this
paper, the double-layer steel plate is established to control
the height-thickness ratio and shear stiffness. The ABAQUS
finite element model of the bearing is shown in Fig. 7.

m
LU LTI

K,

Fig.6 Equivalent model of alternative type bearing
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Fig.7 Finite element model

According to the size of steel plate shear wall in Refer-
ence (Sutcu et al., 2020), considering the influence of the
thickness of rubber and embedded steel plate, the alter-
native bearing size was determined: the thickness of the
external steel plate was 5 mm, the height was 500 mm, the
width was 200 mm, and the height-width ratio was p=2.5.
The height of the steel plate corresponds to the height of
the support. Laminated rubber bearing parameters: rub-
ber plane size 500 mm X 500 mm, shear modulus 0.8 N/
mm?; embedded steel plate plane size 490 mm X490 mm,
thickness 5 mm, a total of 20 layers; the thickness of rub-
ber layer between embedded steel plates is 20 mm, a total
of 19 layers; the plane size of the upper and lower cover
plates is 1000 mm X 1000 mm, the thickness is 20 mm, and
the thickness of the rubber layer in contact with the upper
and lower cover plates is 10 mm. The first shape coefficient
of rubber bearing is 6.13. For the mechanical properties of
minor strain and medium strain, Mooney-Rivilin consti-
tutive model (Tsai et al., 2003) was used to simulate the
rubber material with C3D8RH substantial component. The
steel plate was made of Q235 steel with elastic modulus
E=2.06x 10" Pa and Poisson’s ratio of 0.3. The C3D8R
solid element was used to simulate. Considering the influ-
ence of the vertical load and displacement on the horizontal
shear effect of the peripheral steel plate in the actual situ-
ation, the first-order buckling mode of the steel plate was
used as the initial defect (pre-deformation). The connection
between rubber, steel plate, and upper and lower cover plates
is simulated by ‘Tie’.

5.3 Analysis Result

The seismic action is simulated by reciprocating displace-
ment loading through the support, and the displacement
loading process is shown in Fig. 8. The alternative bearing
hysteresis curve and skeleton curve are shown in Fig. 9.

It can be seen from Fig. 9 that the hysteresis curve of the
alternative type bearing has a long sliding section, which

@ Springer
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reflects that the internal laminated rubber has good horizon-
tal displacement ability and can increase the natural vibra-
tion period of the structure. There is a particular pinch phe-
nomenon in the middle, but its envelope curve area is large,
which does not affect its seismic energy dissipation capacity.
Moreover, the alternative bearing has the self-centering abil-
ity through the elastic buckling characteristics of the periph-
eral steel plate, and realizes the functional recovery of the
structure, which conforms to the concept of seismic tough-
ness (Liang et al., 2018). The skeleton curve of alternative
bearing presents three-stage characteristics:

1. [Initial elastic stage: The overall shear stiffness of the
alternative type bearing is approximately the sum of the
shear stiffness of the peripheral steel plate and the lami-
nated rubber bearing.

2. Elastic buckling stage: This stage reflects the geometric
nonlinearity of the outer steel plate; the steel plate has
local buckling instability and loses stiffness.

3. Plastic stage: Due to the large displacement load, the
steel plate in the Y direction shows certain flexibility,
and the steel plate in the X direction consumes energy
through reciprocating plastic deformation.

The boundary between the above three stages is evident,
indicating that the alternative bearing meets the stiffness
requirements of the regular use and ultimate bearing capac-
ity of the seismic isolation device.

The representative lead-rubber bearings are widely used
in bridge seismic resistance because of their excellent seis-
mic isolation ability. The lead core is the primary energy
dissipation component, which provides the necessary
damping for the bearings. But under the action of severe
ground motion, the lead body will deform, thus losing work
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efficiency. However, the lead body is located in the rubber
and steel layers and is difficult to replace after the earth-
quake. Comparing the hysteresis curve of the alternative
bearing with that of the lead rubber bearing in Reference
(Wang & Bi, 2019), it is found that the hysteresis charac-
teristics of the two are similar, showing a flat ring, which
verifies the rationality of the design of the alternative bear-
ing. The shear steel plate in this paper can achieve similar
hysteretic characteristics with the lead rubber bearing. The
shear steel plate can replace the lead core to improve damp-
ing and dissipate seismic energy, and the seismic isolation
bearing with good performance is obtained by optimizing
the parameters of the steel plate.

Hysteretic analysis of single steel plate and plate rub-
ber under the same loading scheme is shown in Fig. 10. It
can be seen that the steel plate enters the buckling under
a low load. From the perspective of energy consumption,
this phenomenon of rapidly entering the buckling stage is
beneficial to the energy consumption of the structure. In
addition, the overall pinching phenomenon of the hysteresis
curve is pronounced. At the beginning of loading, the whole
steel plate is elastic, and there is only in-plane deformation;
when the steel plate is loaded to the critical load, the stiff-
ness is reduced, which is due to the large aspect ratio of the
selected steel plates and the absence of constraints on both
sides. The out-of-plane deformation of the steel plate along
the edge of the waist on both sides is faster, and the out-of-
plane buckling instability of the steel plate occurs. With the
rise of load, the steel plate enters into plasticity and produces
large out-of-plane deformation. The energy consumption of
steel plate increases with the increase of plastic deformation

-100

-50 0 50
Disp (mm)

100 150

until it is destroyed. According to the specification (test
method for laminated rubber bearings GB-T20688 . The
ultimate horizontal displacement of the standard laminated
rubber bearing is 62.16 mm. From the hysteresis curve and
skeleton curve of a single steel plate, it can be seen that the
horizontal shear force required for the steel plate after the
14th hysteresis cycle (88 mm) decreases. The stress varia-
tion diagrams of the steel plate are extracted respectively. In
Fig. 11 A-I are the stress contours, and their sizes increase
in turn. In the elastic stage, the stress variation of the steel
plate conforms to the tension and compression rod model,
and the shape is diagonally symmetrical. With the increase
of load, the shape is gradually expanded and staggered,
and the steel plate only deforms in a plane. In the buck-
ling stage, the stress contour forms a stress gradient along
the buckling peaks on both sides, and the stress gradually
increases. In the elastic stage, the other two diagonal shapes
gradually extend from the curve to the value line. The whole
plate forms a slight stress gradient along the buckling peak
diagonal, and includes a large stress tension band along the
remaining diagonal. In the plastic energy dissipation stage,
with the increase of load, the whole plane undergoes out-
of-plane deformation, showing a typical tension band. For
example, in the figure, the E and F lines gradually change
from diagonal distribution to oblique penetration through
the whole steel plate. The C and D lines gradually change
to the triangle area on both sides of the tension band. When
the ultimate displacement of the standard rubber bearing is
62.16 mm, the outer steel plate of the composite system is
in the elastic buckling stage, indicating that the steel plate
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Fig. 10 Hysteresis curves of single steel plate and laminated rubber bearing

can adapt to the composite system under large deformation
without plate failure.

Amount of dissipated energy (Ep) which is calculated
by the sum of the area below a hysteretic curve is the first
criterion for evaluating seismic performances of metallic
dampers. Another critical parameter is the equivalent vis-
cous damping coefficient (C.,), representing the dissipated
energy of equivalent viscous damping. The dissipation coef-
ficient (E) is the ratio of the peak area surrounded by the
hysteresis loop, the transverse coordinates corresponding to
the peak, and the triangle surrounded by the three points
of the origin, as shown in Fig. 12. According to the calcu-
lation formula, the variation law of the dissipation energy
and equivalent viscous damping coefficient of the alternative
bearing with the displacement cycle is calculated, as shown
in Figs. 13 and 14.

_ Sper + Spre ©)

Spoc + Saos

1 Sper + Spr
27 Spoc + Saos

Coq = )

where the Sp,;r + Sppp is the area surrounded by hysteresis
loop; Spoc + Sapp 18 the sum of two triangle areas in the
figure.

Figure 13 shows the variation of hysteretic energy dissi-
pation and displacement value. The external steel plate has
specific shear stiffness under initial loading, and the force
required to push the steel plate horizontally is significant,
so the area of the hysteresis loop is large in the first cycle.
After buckling, the energy needed to push the external steel

@ Springer

plate becomes smaller, and the area of the hysteresis loop
decreases. With the increase of horizontal displacement, the
outer steel plate enters the plastic energy dissipation stage,
the area surrounded by the curve gradually increases, and
the energy dissipation capacity gradually increases. It can
be seen that the dissipation capacity of the alternative type
bearing increases rapidly after reaching the plastic stage,
from 50 to 300 kNm; in the initial elastic and elastic buck-
ling stage, the dissipation capacity is maintained below
50 kNm. After the outer steel plate reaches the plastic state,
combined with the energy dissipation capacities of lami-
nated rubber bearing, the superposition of the two energy
dissipation capacity dramatically improves the energy dis-
sipation capacity of the steel plate-laminated rubber bearing.

Figure 14 shows the equivalent viscous damping coef-
ficient and displacement variation. Based on the cumula-
tive hysteretic response under the selected load history, the
equal viscous damping coefficient of the composite bear-
ing increases slowly, and remains between 10 and 20%.
At this time, the outer steel plate is in the elastic buckling
stage. When the horizontal displacement reaches the limit
displacement value of laminated rubber bearing, the outer
steel plate is in the plastic energy dissipation stage, and
the equivalent viscous damping coefficient of the bearing
reaches 19%. Over the limit displacement, some steel plates
are damaged, and the viscous damping coefficient decreases
slowly. Overall, the external steel plate consumes a large
amount of lagging energy, so it has sufficient (.,) value for
seismic application purposes.

In order to highlight the fullness of the hysteresis curve to
reflect the energy dissipation capacity and pinching level of
the structure, and improved parallelogram rule is proposed
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Fig. 12 Energy dissipation coefficient

in this paper. The method for determining the energy dis-
sipation coefficient E is shown in Fig. 15. The red area
is an area surrounded by a hysteresis loop, and the S,zqp
area is a parallelogram. The envelope area of the hysteresis
curve of each component of the alternative bearing is cal-
culated by the formula. The S,z is 276.55 kNm, and the
Siepcep 18 185.29 kKNm. The overall energy consumption
of the bearing is 185.29 kJ, and the energy consumption
quantification coefficient E is 0.67. Similarly, the S,z of a
single steel plate is 35.14 kNm, S,ppccp 1S 22.49 kNm, the
energy consumption of 8 steel plates in the horizontal direc-
tion is 179.89 kJ, accounting for 97.09% of the total energy

Fig. 13 Energy dissipation at 350
each cycle for the alternative
type bearing

300 I E—

— [N~} \]
[$)] (=] (Sl
(e} (=} o

Dissipated Energy
Ep (kNm)

—_
(=
(=]

consumption of the bearing, and the energy consumption
quantization coefficient E is 0.64. Laminated rubber energy
consumption is 5.4 kJ, accounting for 2.91%. It can be seen
that under the same load conditions, the outer steel plate
of the alternative bearing is the primary energy dissipation
component, and the rubber energy dissipation capacity is
small. It can be seen from the above that the peripheral steel
plate of the alternative bearing improves the broad energy
dissipation capacity of the bearing. The broad hysteresis
curve of the alternative bearing is the sum of rubber and
peripheral steel plate, which can be considered a parallel
relationship between steel plate and rubber. The displace-
ment load with monotonous shear direction is applied to the
replaceable bearing. The finite element calculation shows
that the total stiffness of the horizontal peripheral steel plate
is 102 296.8 N/mm, the initial shear stiffness of the rub-
ber is 0.5079 kN/mm, and the total stiffness of the alter-
native bearing is 108.7364 kN/mm. The horizontal shear
load—displacement curve of the alternative bearing is shown
in Fig. 16. From the above analysis: rubber shear stiffness is
far less than the shear stiffness of the peripheral steel plate,
less than 1% of the peripheral steel plate shear stiffness; the
error between the sum of the rubber shear stiffness and the
shear stiffness of the peripheral steel plate and the total stift-
ness of the support (total stiffness of the steel plate + rubber
stiffness — total stiffness of the support/total stiffness of the
support) is within 6%, indicating that the overall shear stift-
ness of the new support can be approximated by the sum
of the shear stiffness of the peripheral steel plate and the
laminated rubber support. It can be considered that there is
a parallel relationship between steel plate and rubber.

i [o========

|

1 2 3
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Fig. 15 Improved method of energy dissipation coefficient

5.4 Effect of Bidirectional Loading

The design of seismically isolated structures is an itera-
tive procedure that starts with preliminary design to veri-
fication of the design. In the last step of design proce-
dures, it is expected to perform detailed 3 dimensional
(3D) analyses which take into account 2 or 3 dimensional
strong ground motion effects. Thus, to show the behav-
ioral differences, this part of the study involves the bear-
ing behavior under bidirectional loading (Berman et al.,
2004). The numerical analysis of the alternative type bear-
ing was carried out under 0° and 45° loading directions,
as shown in Fig. 17. When the support bears 0° load, the
steel plates on both sides bear 0° shear load, and the other

Cycle

two bears 90° load. When the support bears a 45° load, all
outer steel plates bear a 45° load. Therefore, the hysteresis
performance of a single steel plate at 0° and 45 loading
directions should be obtained first (Figs. 18, 19). Since
the hysteresis curve under 0° load is plumper than that
under 45° load, increasing the angle of loading direction
will reduce the energy consumption. As shown in Fig. 20,
although there are some deviations in the displacement
cycle in the plastic stage, the hysteretic performance of the
bearing under 0° and 45° loading is very similar, which is
desirable in seismic design and retrofit application. It can
be seen from Figs. 20 and 21 that the cumulative plastic
energy dissipation difference of a single steel plate in 0°
and 45° loading directions reach 21.7%. In contrast, the
incremental plastic energy dissipation difference of the
support composed of eight steel plates is 4.3%. Therefore,
it can be obtained that the symmetric element damper can
eliminate the different behaviors of a single steel plate
under different loading directions.

6 Conclusions

Based on the design concept of bridge seismic isolation,
this paper puts forward an alternative type of steel plate-
laminated rubber composite seismic isolation bearing,
studies the mechanical properties of the steel plate and
alternative bearing, and draws the following conclusions:

1. The shear stiffness of the steel plate has prominent bilin-
ear characteristics before and after buckling. The larger

@ Springer
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Fig. 17 Different loading direc-
tions

the aspect ratio is, the smaller the initial shear stiffness, 3.
post-buckling stiffness, and critical buckling load of

the steel plate are, and the decreasing trend slows down
sharply and gradually tends to 0. The shear stiffness ratio
before and after buckling shows an approximately linear
decreasing trend with the increase of aspect ratio, indi-
cating that the larger the aspect ratio is, the more signifi-

cant the stiffness difference before and after buckling is,

and the more pronounced the pinching phenomenon of

steel plate is.

2. Through the regression analysis of the mechanical
parameters of the steel plate, the simplified calculation 4.
formulas of the initial horizontal shear stiffness, the
shear stiffness ratio before and after buckling, and the
first-order buckling load are proposed, and compared
with the simulation analysis results, the accuracy of the
formula is further verified.

@ Springer

Disp (mm)

In the alternative bearing, there is a parallel relationship
between the outer steel plate and the rubber. The outer
steel plate is the primary energy dissipation component,
which can improve the energy dissipation capacity of
the bearing. The shear stiffness of the bearing can be
approximated to the sum of the shear stiffness of the
outer steel plate and the laminated rubber. The skeleton
curve of the alternative bearing shows three-stage char-
acteristics of elasticity, elastic buckling, and plasticity,
which can meet the requirements of more refined per-
formance objectives.

By comparison, it is found that the hysteresis curve of
the alternative bearing is similar to that of the lead rub-
ber bearing. The shear steel plate of the alternative bear-
ing can replace the lead core to improve damping and
dissipate seismic energy. It is convenient to manufacture,
place, and repair after failure, so it is more economical.
The dissipation energy of the alternative bearing
increases with the increase of displacement, and
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increases rapidly at large deformation. The equivalent element, the dissipation energy, and equivalent viscous
viscous damping coefficient reaches 20% from 50 to damping performance parameters change little.
300 kNm, proving that the alternative bearing steel plate
consumes a lot of energy. It is believed that with the deepening of research and the

6. The hysteretic behavior of steel plates and alternative  rich theoretical system of seismic isolation, the mechani-
bearing under bidirectional loading is also studied. The  cal properties of steel plate-laminated rubber composite
numerical analysis of different loading angles shows  seismic isolation bearing will have significant room for
that when the symmetrical structure is used as a damper ~ improvement in the future.
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