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Abstract

There are novel hybrid base isolation systems proposed to improve the dissipated energy of
the base isolation system using different dissipation devices, for instance, shape memory alloy
(SMA) wires, ADAS dampers and slit steel dampers. In this paper, a seismic isolator coupled
with S-shaped steel dampers (SSSDs) called novel hybrid seismic isolation system, is pro-
posed and investigated. The mechanical property is improved and the displacement of the su-
perstructure decreases compared with the common isolation system. Based on finite element
method, the numerical models of seismic isolators with and without S-shaped steel dampers
are established in ABAQUS. Meanwhile, numerical analyses under cyclic loading tests are
performed. The simulation results showed that, the seismic isolator without S-shaped steel
dampers usually has advantages in absorbing the energy, but the deformation is larger. S-
shaped steel dampers showed more dissipative energy capacity in the novel hybrid system,
which is better than the common seismic isolator. Meanwhile, steel dampers also can de-
crease the deformation of the seismic isolator to keep the superstructure safe. The mechanical
properties of seismic isolator with and without S-shaped steel dampers are obviously different,
such as dissipative energy capacity and structural period. The seismic isolator coupled with
S-shaped steel dampers has better mechanical capacity to compensate the disadvantages of
seismic isolator without S-shaped steel dampers. Therefore, it can be adopted as a reference
to solve the problem of safety in the engineering practice.
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1 INTRODUCTION

The investigation of a small historical masonry church using fiber reinforced elastomeric
isolators in bonded and unbonded applications is to improve seismic performance. [1] And the
fiber reinforced elastomeric isolators which are made of the recycling used rubber from tire
industry or other sources are investigated and tested. [2]

In the commercial isolators, there are natural rubber (NB), high-damping rubber (HDRB),
lead rubber bearing (LRB), fiber reinforced elastomeric isolator (FREI) including bonded
(BFREI) and unbonded (UFREI). [2]

In the developing countries, low-cost unbonded fiber reinforced elastomeric seismic isola-
tion systems applied in new masonry buildings are simulated and the simplified numerical
model is proposed to predict the behavior of the seismic isolation system. [3] Moreover, un-
bonded fiber reinforced elastomeric isolator can require no expensive thick steel plates and
reduce the seismic demand. [4]

In the recent years, there are the hybrid seismic isolation systems proposed which are the
promising devices. The hybrid seismic base isolation of a historical masonry church using un-
bonded fiber reinforced elastomeric isolators and shape memory alloy wires significantly in-
creases the energy dissipation capacity of the base isolation system and decreases the
horizontal displacements of the masonry building. [5]

The new hybrid isolator consists of elastomeric bearing, sliding parts and yielding dampers
(friction-yielding-elastomeric bearing (FYEB)), which absorb the energy from the friction-
yielding part and support the vertical action from rubber pads. [6]

Another innovative seismic isolator device proposed is slit steel rubber bearing (SSRB)
which has better energy dissipation capacity than the corresponding value of LRB and lower
shear strain rather than LRB. [7]

Seismic isolator has the limitation of energy dissipation capacity and also has the large hor-
izontal deformation. However, steel damper has advantages in dissipative energy capacity and
damping ratio. In this paper, the traditional and novel hybrid seismic isolation systems includ-
ing seismic isolator with and without S-shaped steel dampers (SSSDs) are simulated and in-
vestigated to supply the practical application in the field of civil engineering.

2 THEORETICAL ANALYSIS

There are two factors of seismic isolators with different rubber thicknesses, such as shape
factor and aspect ratio, as followed in Table 1.

Total thickness of  Total thickness of Shape factor Aspect ratio
No. rubber layer steel laminae _a _a
S=— R==
tr (mm) ts (mm) 4t h
1 50 2 3.75
2 48 4 3.91 2.88
3 46 6 4.08

Table 1: Parameters of seismic isolators with different rubber thicknesses.

Based on the theory [8, 9], it is to estimate the mechanical capacities of the traditional and
novel hybrid systems. There are the formulas of mechanical properties as followed in Equa-
tions (1)-(5), which can represent the main characters of seismic isolation device.
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average of absolute value displacement of A__ and A _. . W, is the dissipated energy in each

X

cycle which is equal to the area inside the force-displacement hysteresis curve, and W, is
stored energy in the hybrid system shown in Equation 3. 7, is horizontal period in Equation 5.

According to Equations (1)-(5), the data of seismic isolator without SSSDs are calculated
in the Tables 2-4. The ideal hybrid system period (T*) is 0.8 times more than theoretical cal-
culation. Corresponding to different rubber thicknesses and pressures, the objectives of the
hybrid system period are shown in Tables 2-4.

Total thickness Total thickness of Horizontal Hybrid system
. Pressure . .
No. of rubber layer steel laminae (MPa) period period
tr (mm) ts (mm) p T (s) T*=0.8T (s)
1 3 0.869 =0.695
2 50 2 4 1.004 =0.803
3 5 1.122 =0.898

Table 2: Theoretical calculation for seismic isolator with 50mm of total rubber thickness.

Total thickness Total thickness of Horizontal Hybrid system
. Pressure . .
No. of rubber layer steel laminae (MPa) period period
t: (mm) ts (mm) p T (s) T*=0.8T (s)
1 3 0.852 =0.681
2 48 4 4 0.983 =0.787
3 5 1.099 =0.879

Table 3: Theoretical calculation for seismic isolator with 48mm of total rubber thickness.
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Total thickness  Total thickness of Horizontal Hybrid system
. Pressure . .
No. of rubber layer steel laminae (MPa) period period
tr (mm) ts (mm) p T (s) T*=0.8T (s)
1 3 0.834 =0.667
2 46 6 4 0.963 =0.770
3 5 1.076 =0.861

Table 4: Theoretical calculation for seismic isolator with 46mm of total rubber thickness.
3 NUMERICAL ANALYSIS

3.1 Material property

In the research project, the novel hybrid seismic isolation system has two main types of
materials, rubber and steel. The coefficients of the mechanical properties of standard rubber
are adopted in numerical investigation in Tables 5-6. The steel material of the novel isolation
device is made of common steel, which has the value of Young’s modulus and the yield
strength, 206 GPa and 345MPa, respectively.

Standard rubber  0.40746 0.0019039 -0.000031585 0
Table 5: Coefficients of the Yeoh hyperelastic model for rubber.

Type g 7 g, 7,
Standard rubber 0.132 0.0203 0.207 8.03

Table 6: Coefficients of the Prony series model for rubber.

3.2 Numerical model

The geometric properties of seismic isolator with and without SSSDs is shown in Table 7.
In Figures 1 (a) and 1 (b), the model of the novel isolation device is built in ABAQUS. [10]
Rubber pads are welded with steel laminas with dimensions 150x150x52mm?.

S-shaped steel dampers of the novel hybrid seismic isolation system are bolted between
upper and lower connection plates in Figure 1 (b). The surfaces of steel laminae and rubber
layers are connected by tie contact. The surfaces of steel damper and connection plates are
contacted by friction contacts. The friction coefficient 0.3 has been applied in the model using
surface to surface contact in ABAQUS.

5 T
] 00 A A

(a) (b)

Figure 1: ABAQUS models of seismic isolator without (a) and with (b) SSSDs.
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The seismic isolator with and without SSSDs have been modeled using over 80000 eight
node brick elements (C3D8RH for rubber and C3D8R for steel) in Figures 1 (a) and 1 (b).
The mechanical properties of the numerical models have been analyzed and compared under
different vertical pressures and cyclic loading tests to identify the advantages and disad-
vantages.

Thickness | | Total  TTHCKNESS gy of
: Total thick- Thickness . of S-
Number of single Number . thickness S-shaped
ness of rubber of single shaped
of rubber  rubber of steel . of steel steel
layer . steel lamina . steel
pad pad lamina laminae damper
(mm) tr (mm) (mm) t (mm) damper Wsd (mm)
s ted (IIlIIl) sd
10 50 0.5 2
5 9.6 48 4 1.0 4 2 40
9.2 46 1.5 6

Table 7: Geometric properties of seismic isolator with and without SSSDs.

3.3 Simulation work

The seismic isolator with and without SSSDs in Tables 8-13 have been subjected to a 0.5
Hz cyclic horizontal displacement up to 100% A (50mm, 48mm, 46mm) which is the total
thickness of the rubber layers applied on the top connection plate, under different vertical
pressure of 3 N/mm?, 4 N/mm? and 5 N/mm?. Meantime, the lower connection plate is bolted
to the fixed supports. The numerical results of seismic isolator with and without SSSDs are
shown in Figures 2-19 and compared with the results to identify the differences of seismic
isolator with and without SSSDs.

e The data of seismic isolator with and without SSSDs have shown in Table 8-9 at 50mm
of cyclic loading tests and different vertical pressures.

Total thickness Total thickness Effective horizontal . .
. Pressure . Horizontal period
No. of rubber layer of steel laminae (MPa) stiffness T (s)
tr (mm) ts (mm) P Kn (N/mm)
1 3 296.949 0.957
50 2 4 285.620 1.127
3 5 273.519 1.287

Table 8: Parameters of seismic isolator without SSSDs at 50mm of cyclic loading tests.

Total thickness Total thickness Effective horizontal . .
. Pressure . Horizontal period
No. of rubber layer of steel laminae (MPa) stiffness T (s)
tr (mm) ts (mm) p Kheff (N/mm)
1 3 365.776 0.862
50 2 4 348.469 1.020
3 5 345.785 1.145

Table 9: Parameters of seismic isolator with SSSDs at 50mm of cyclic loading tests.
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e In Figures 2-7, the numerical results of the models loading under 100% A (50mm) of cy-

clic loading tests and different vertical pressures represent force-displacement curves and
Mises stress contour plots.

Seismic isolator without S-shaped steel dampers Seismic isolator with S-shaped steel dampers

Force(kN)
[=]
Force(kN)

-50 -40 -30 -20 -10 0 10 20 30 40 50 -50 -40 -30 -20 -10 0 10 20 30 40 50
Displacement(mm) Displacement(mm)

(a) (b)

Figure 2: Force — displacement curves of seismic isolator without (a) and with (b) SSSDs under 3 MPa of pressure.

Seismic isolator without S-shaped steel dampers Seismic isolator with S-shaped steel dampers

Force(kN)
Force(kN)

! ! ! ! ! L ! L . . | | H H i | . I
-50 -40 -30 -20 -10 ) 10 20 30 40 50 -50 -40 -30 -20 -10 ) 10 20 30 40 50
Displacement(mm) Displacement(mm)

(a) (b)

Figure 3: Force — displacement curves of seismic isolator without (a) and with (b) SSSDs under 4 MPa of pressure.

Seismic isolator without S-shaped steel dampers Seismic isolator with S-shaped steel dampers

Force(kN)
Force(kN)

! ! ! ! L ! L . | | H H i | . I
-50 -40 -30 -20 -10 ) 10 20 30 40 50 -50 -40 -30 -20 -10 ) 10 20 30 40 50
Displacement(mm) Displacement(mm)

(a) (b)

Figure 4: Force — displacement curves of seismic isolator without (a) and with (b) SSSDs under 5 MPa of pressure.
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b "

(a) (b)

Figure 5: Numerical comparisons of seismic isolator without (a) and with (b) SSSDs under 3 MPa of pressure

L. Lo

(a) (b)

Figure 6: Numerical comparisons of seismic isolator without (a) and with (b) SSSDs under 4 MPa of pressure.

L. Lo

(a) (b)

Figure 7: Numerical comparisons of seismic isolator without (a) and with (b) SSSDs under 5 MPa of pressure.

e The data of seismic isolator with and without SSSDs have shown in Tables 10-11 at
48mm of cyclic loading tests and different vertical pressures.

Total thickness Total thickness Pressure Effective horizontal
No. of rubber layer of steel laminae

. Horizontal period
stiffness ,
tr (mm) ts (mm) p (MPa) Kn (N/mm) T )
1 3 311.912 0.934
2 48 4 4 301.324 1.097
3 5 290.016 1.250

Table 10: Parameters of seismic isolator without SSSDs at 48mm of cyclic loading tests.

Total thickness Total thickness Pressure Effective horizontal
No. of rubber layer of steel laminae

. Horizontal period
(MPa) stiffness T (s)
tr (mm) ts (mm) P Kh.eff (N/mm)
1 3 380.754 0.845
2 48 4 4 365.710 0.996
3 5 364.271 1.115

Table 11: Parameters of seismic isolator with SSSDs at 48mm of cyclic loading tests.
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e In Figures 8-13, the numerical results of the models loading under 100% A (48mm) of

cyclic loading tests and different vertical pressures represent force-displacement curves
and Mises stress contour plots.

Seismic isolator without S-shaped steel dampers Seismic isolator with S-shaped steel dampers

Force(kN)
[=]
Force(kN)
o

-50 -40 -30 -20 -10 0 10 20 30 40 50 -50 -40 -30 -20 -10 0 10 20 30 40 50
Displacement(mm) Displacement(mm)

(a) (b)

Figure 8: Force — displacement curves of seismic isolator without (a) and with (b) SSSDs under 3 MPa of pressure.

Seismic isolator without S-shaped steel dampers Seismic isolator with S-shaped steel dampers
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Figure 9: Force — displacement curves of seismic isolator without (a) and with (b) SSSDs under 4 MPa of pressure.

Seismic isolator without S-shaped steel dampers Seismic isolator with S-shaped steel dampers
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Figure 10: Force — displacement curves of seismic isolator without (a) and with (b) SSSDs under 5 MPa of pressure.
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e e

(a) (b)

Figure 11: Numerical comparisons of seismic isolator without (a) and with (b) SSSDs under 3 MPa of pressure

b, L.

(a) (b)

Figure 12: Numerical comparisons of seismic isolator without (a) and with (b) SSSDs under 4 MPa of pressure.

e L

(a) (b)

Figure 13: Numerical comparisons of seismic isolator without (a) and with (b) SSSDs under 5 MPa of pressure.

e The data of seismic isolator with and without SSSDs have shown in Tables 12-13 at
46mm of cyclic loading tests and different vertical pressures.

Total thickness Total thickness Pressure Effective horizontal
No. of rubber layer of steel laminae

. Horizontal period
stiffness )
tr (mm) ts (mm) p (MPa) Kn (N/mm) )
1 3 327.921 0.911
46 6 4 318.031 1.068
3 5 307.481

1.214

Table 12: Parameters of seismic isolator without SSSDs at 46mm of cyclic loading tests.

Total thickness Total thickness Pressure Effective horizontal
No. of rubber layer of steel laminae

. Horizontal period
stiffness ys
tr (mm) ts (mm) p (MPa) Kh.eff (N/mm) 7 ()
1 3 399.357 0.825
46 6 4 386.760 0.968
3 5 383.353

1.087

Table 13: Parameters of seismic isolator with SSSDs at 46mm of cyclic loading tests.
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e In Figures 14-19, the numerical results of the models loading under 100% A (46mm) of

cyclic loading tests and different vertical pressures represent force-displacement curves
and Mises stress contour plots.

Seismic isolator without S-shaped steel dampers Seismic isolator with S-shaped steel dampers
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Figure 14: Force — displacement curves of seismic isolator without (a) and with (b) SSSDs under 3 MPa of pressure.

Seismic isolator without S-shaped steel dampers Seismic isolator with S-shaped steel dampers
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Figure 15: Force — displacement curves of seismic isolator without (a) and with (b) SSSDs under 4 MPa of pressure.

Seismic isolator without S-shaped steel dampers Seismic isolator with S-shaped steel dampers
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Figure 16: Force — displacement curves of seismic isolator without (a) and with (b) SSSDs under 5 MPa of pressure.
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Figure 17: Numerical comparisons of seismic isolator without (a) and with (b) SSSDs under 3 MPa of pressure.

. Lo
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Figure 18: Numerical comparisons of seismic isolator without (a) and with (b) SSSDs under 4 MPa of pressure.

e L,

(a) (b)

Figure 19: Numerical comparisons of seismic isolator without (a) and with (b) SSSDs under 5 MPa of pressure.

3.4 Comparison analysis

By ABAQUS software [10], it is investigated the mechanical property of seismic isolator
coupled with S-shaped steel dampers. The FE models of seismic isolator with SSSDs in
ABAQUS are built and compared with seismic isolator without SSSDs.

In the same condition of shape factor and aspect ratio, seismic isolator with and without
SSSDs under higher vertical pressure have lower effective horizontal stiffness. Under the
same vertical pressure, seismic isolator with and without SSSDs including higher shape factor
have higher effective horizontal stiffness.

According to the theoretical calculations in Tables 8-13, the promising objectives of the
hybrid system period (=0.8T) in Tables 2-4 are achieved. Comparing with the seismic isola-
tor without SSSDs, the effective horizontal stiffness of seismic isolator with SSSDs obviously
increases 20% more than that of seismic isolator without SSSDs.

In the cyclic loading tests, the area of the force-displacement curves of seismic isolator
with SSSDs under different horizontal displacements and pressures are evidently much bigger
than seismic isolator without SSSDs in Figures 2-19, which means that seismic isolator with
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SSSDs has more dissipative energy ability from S-shaped steel dampers rather than seismic
isolator without SSSDs. Steel dampers of the novel hybrid system can dissipate more energy
under the same displacement of cyclic loading comparing with seismic isolator without
SSSDs. By adding S-shaped steel dampers the novel hybrid system has advantages in the as-
pect of energy dissipation capacity.

4 CONCLUSIONS

In this research, 3D finite element models of seismic isolator coupled with and without
SSSDs have been established and analyzed under different pressures (3MPa, 4MPa, SMPa)
and cyclic loads (50mm, 48mm, 46mm) to study the performance, and have been compared
with them to identify the advantages and disadvantages.

The seismic isolator with and without SSSDs have the same influence under different
shape factors and vertical pressures. With lower shape factor and higher vertical pressure, the
novel hybrid system period is longer.

The period of the novel hybrid system is more than the objective period of the hybrid sys-
tem in Tables 2-4, which is a promising hybrid system in the practical project. Meanwhile, the
effective horizontal stiffness of seismic isolator with SSSDs increases 20% more than seismic
isolator without SSSDs in Tables 8-13.

Compared with seismic isolator without SSSDs, it is obviously to improve the mechanical
property of the hybrid system under different pressures and cyclic loading tests because of the
advantages of S-shaped steel dampers. The novel hybrid system has more advantages in the
aspect of energy dissipation capacity than seismic isolator without SSSDs. According to the
area of force-displacement, seismic isolator by adding S-shaped steel dampers evidently in-
creases. The novel hybrid system has more dissipative energy capacity when S-shaped steel
dampers work effectively. Therefore, it can be adopted to supply the practical application in
the field of civil engineering.
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