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Abstract. In the recent years, due to the limitations of common isolation sys-

tems, there are new hybrid base isolation systems proposed, for instance, the 

hybrid system consisting of unbonded fiber reinforced elastomeric isolator and 

shape memory alloy wires, hybrid fraction yielding elastomeric bearing and 

rubber bearing with slit damper devices. In this paper, to improve the dissipa-

tive energy capacity of isolation devices and decrease the displacement of the 

superstructure, the novel hybrid seismic system including seismic isolator con-

nected with S-shaped steel dampers (SSSDs) is investigated, and a simplified 

model of that system is proposed. The numerical model of a low-rise masonry 

house using the simplified model of the novel system is established in 

ABAQUS. The simulations and the comparisons of a low-rise masonry house 

with and without the novel system are investigated under the earthquake action 

based on finite element method. The novel hybrid seismic system applied in a 

low-rise masonry house has more effective protection by adding SSSDs. It can 

be adopted as a reference to improve the mechanical capacity of the isolation 

system and supple the practical application in the engineering. 

Keywords: Isolation device, Steel damper, Dissipative energy capacity, Finite 

element method. 

1 Introduction 

A large number of historical masonry structures in the world are vulnerable to damage 

and collapse in earthquake, especially churches in Italy. Base isolation which is rec-

ognized as a promising alternative has been widely accepted as an effective method 

for the protection of structures against seismic actions but remain limited. [1] 

The common types of commercial isolators are natural rubber (NR), high damping 

rubber (HDRB), lead rubber bearing (LRB) and fiber reinforced elastomeric isolator 

(FREI) including unbonded (UFREI) or bonded (BFREI). [2] 

Low-cost unbonded fiber reinforced elastomeric seismic isolation systems in new 

masonry buildings is investigated the seismic performance, and 3D model of a single 

UFREI substituted by a nonlinear spring and a damper decreases the computational 
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coasts of the nonlinear dynamic analysis taking into account the two horizontal com-

ponents of the seismic action. [3] 

Moreover, unbonded fiber reinforced elastomeric isolator can require no expensive 

thick steel plates and reduce the seismic demand. A simple UFREI model is imple-

mented in an ABAQUS user element (UEL) taking into account multiple DOFs to 

reduce the computational efforts of analyses, especially being suitable for complex 

base isolated structures. [4] 

There is the new hybrid seismic base isolation system proposed which combines 

UFREIs and shaped memory alloy (SMA) wires to increase the energy dissipation 

capacity of the historical masonry church. [5] Based on Abaqus user element (UEL) 

the 3D behavior of the isolation system is represented to evaluate the seismic response 

of a historical masonry in different base isolation systems under nonlinear dynamic 

time history analyses. [5] 

The isolator is made of high damping rubber and an external Ethylene Propylene 

Diene Monomer ring, and a detailed 3D finite element modelling of isolators in low-

rise masonry building has been investigated in unbonded boundary conditions to re-

duce production costs and allow its applicability. [6] 

However, the applications of isolators in historical masonry structures are limited 

in practices. Seismic isolators are low in energy dissipation capacity and in the hori-

zontal load carrying capacity. Steel damper has advantages in dissipative energy ca-

pacity and damping ratio. In this paper, the traditional and novel hybrid seismic isola-

tion systems including seismic isolator with and without S-shaped steel dampers 

(SSSDs) are simulated and investigated in a low-rise masonry house to supply the 

practical application in the field of civil engineering. 

2 Theoretical analysis 

There are two main factors of seismic isolator, such as shape factor in Eq. (1) and 

aspect ratio in Eq. (2). [7] In the practical project, seismic isolator is usually consid-

ered to be loaded in compression and shear in Fig. 1. 

 𝑆 =
𝑎

4𝑡
 (1) 

 𝑅 =
𝑎

ℎ
 (2) 

 

Fig. 1. Seismic isolator loading in compression and shear. 
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Based on the theory [8,9], it is to estimate the mechanical capacities of the novel 

hybrid system. There are the formulas of mechanical property as followed in Eqs. (3)-

(7), which can represent the main characters of the novel hybrid system. The theoreti-

cal data of seismic isolator without SSSDs is shown in Table 1. 

 𝑇 = 2𝜋√
𝑝

𝑔
∙
𝑡𝑟

𝐺
 (3) 

 𝐾ℎ,𝑒𝑓𝑓 =
(𝐹ℎ,𝑚𝑎𝑥−𝐹ℎ,𝑚𝑖𝑛)

(∆ℎ,𝑚𝑎𝑥−∆ℎ,𝑚𝑖𝑛)
 (4) 
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𝑊𝑑

4𝜋𝑊𝑠
 (5) 
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2
𝐾ℎ,𝑒𝑓𝑓Δℎ,𝑎𝑣𝑒

2  (6) 

 Δℎ,𝑎𝑣𝑒 =
1

2
(|Δℎ,𝑚𝑎𝑥| + |Δℎ,𝑚𝑖𝑛|) (7) 

Table 1. Theoretical calculation for seismic isolator. 

Total thick-

ness of 

rubber layer 

(mm) 

Total thick-

ness of steel 

laminae 

(mm) 

Shear 

modulus 

(MPa) 

Steel 

damper 

thickness 

(mm) 

Shape 

factor 

Aspect 

ratio 

Pressure 

(MPa) 

Horizontal 

period 

(s) 

50 2 0.8 2 3.75 2.88 3 0.869 

3 Finite element analysis 

In this research, the novel hybrid system in Fig. 2(b) consists of two main types of 

materials, rubber and steel. Seismic isolator in Fig. 2(a) is made of standard rubber 

and reinforcing steel, and S-shaped steel damper (SSSD) also made of common steel. 

Using standard rubber [10], it is to analysis the mechanical properties of seismic 

isolators made of standard rubber. The steel dampers of the device are made of com-

mon steel, Q345, with tensile strength about 470 MPa and has the value of Young’s 

Modulus and Poisson’s ratio, 206 GPa and 0.3, respectively. 

  
(a) (b) 

Fig. 2. FE models of seismic isolator without (a) and with (b) SSSDs. 
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In Fig. 2(b), the model of the novel seismic device is established in ABAQUS. [11] 

Rubber pads are welded with steel laminas with dimensions 150×150×52mm3. The S-

shaped steel damper (SSSD) consists of four straight parts and two semicircle parts, 

which are realized with bolted U-shaped steel elements. S-shaped steel dampers of the 

novel hybrid system are bolted between upper and lower connection plates. 

Comparing seismic isolators with and without SSSDs and simplified models of 

them, the cyclic tests in Fig. 3 are performed in ABAQUS under the amplitudes of 

50%h, 100%h and 120%h (26mm, 52mm, 62.4mm, respectively) and a constant ver-

tical pressure of 3 MPa. In Figs. 3(a) and 3(b), the force displacement curves of seis-

mic isolator without and with SSSDs.  

  
(a) (b) 

Fig. 3. The force displacement curves of seismic isolator without (a) and with (b) SSSDs. 

In the cyclic loading test, shown in Figs. 3(a) and 3(b), the force-displacement 

curve area of S-shaped steel damper is much larger than that of seismic isolator, 

which is that S-shaped steel damper has more advantages than seismic isolator with-

out SSSDs in aspect of energy dissipation capacity. 

Comparing with seismic isolator without SSSDs in Fig. 3(a), it is evidently to in-

crease the area of force-displacement in Fig. 3(b) by adding S-shaped steel dampers, 

and the novel hybrid system can have more energy dissipation capacity than tradition-

al isolation system because S-shaped steel damper work effectively. 

4 Simplified spring-damper analysis 

Using detailed model of isolators in the nonlinear finite element analysis is somehow 

computationally expensive. Thus, in this study, to research the performance of the 

seismic isolation system with and without SSSDs applied in a small masonry house 

under nonlinear time history analysis, the simplified models are proposed, as shown 

in Fig. 4. 

 

Fig. 4. Simplified spring-damper model 
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The comparisons of the force displacement curves of seismic isolator without and 

with SSSDs and simplified models of them are in Figs. 5(a) and 5(b). 

  
(a) (b) 

Fig. 5. Comparisons of simplified models of seismic isolator without (a) and with (b) SSSDs 

In Table 2, it is investigated the parameters of seismic isolator with and without 

SSSDs and simplified models of them, such as structural period and damping ratio. 

Corresponding to seismic isolator with and without SSSDs, the nonlinear horizontal 

stiffness, structural period and damping ratio of simplified models are very close in 

Table 2 so that using the simplified models can reliably represent for seismic isolator 

with and without SSSDs. 

Table 2. The comparative data of different isolation models. 

Model type 

Effective horizontal 

stiffness 

(N/mm) 

Structural period 

(s) 

Damping 

ratio 

Seismic isolator without SSSDs 310.282 0.936 0.013 

Seismic isolator with SSSDs 364.604 0.864 0.131 

Simplified model of seismic isolator 

without SSSDs 
314.616 0.930 0.016 

Simplified model of seismic isolator 

with SSSDs 
357.747 0.872 0.162 

5 Dynamic analysis 

In dynamic analysis, the models of a single-story masonry house without and with 

proposed isolators and SSSDs are subjected to L’ Aquila ground motion 

(PGA=0.43g), as shown in in Fig. 6. The density and Young’s modulus of masonry 

brick are 1800 kg/m3 and 1600 MPa, respectively. A plastic damage behavior of the 

masonry material by means of the Concrete Damage Plasticity model (CDP) in 

ABAQUS is adopted to determine the nonlinear stress strain behavior of masonry, 

and the main modeling parameters are presented and described in Table 3. [11,12] 



6 

 

Fig. 6. L’Aquila earthquake accelerogram. 

Table 3. The values of mechanical parameters adopted for the CDP model of masonry house. 

Dilatation angle Eccentricity 𝜎𝑏0 𝜎𝑐0⁄  𝐾𝑐 Viscosity parameter 

10 0.1 1.16 0.667 0.0001 

 

The small masonry house in Figs. 7(a) and 7(b) has the dimensions 4×4×3 m3 

(length×width×height) and its wall thickness is 150mm. The total weight of the house 

is about 17.59t. In the FE simulation of the masonry house, the roof, the lintels and 

the foundation beam are assumed rigid due to the practical condition of the house 

prototype in Fig. 8. The other parts of the house model are tied with each other in the 

model by surface-to-surface constraint. 

  
(a) (b) 

Fig. 7. The model of masonry house without (a) and with (b) simplified models. 

 

Fig. 8. The simplified spring-damping model connected with ground and foundation beam. 
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From Fig. 9 to Fig. 11, it is shown that the compressive damage and the tensile 

damage of masonry house with the simplified models of seismic isolators and SSSDs 

are more obviously reduced than that of masonry house in fix-based model or with 

bonded seismic isolators. 

 

  
(a) (b) 

Fig. 9. The compressive damage (a) and the tensile damage (b) of masonry house without seis-

mic isolators. 

 

  
(a) (b) 

Fig. 10. The compressive damage (a) and the tensile damage (b) of masonry house with bonded 

seismic isolators. 

 

  
(a) (b) 

Fig. 11. The compressive damage (a) and the tensile damage (b) of masonry house with seismic 

isolators and SSSDs. 

In Fig. 12, the top roof acceleration clearly decreases under L’ Aquila earthquake 

with the application of seismic isolators and SSSDs. The modal response of masonry 

house is improved, especially in significant increase of structural period, as shown in 

Table 4. Seismic isolator with SSSDs could be applied in the practical engineering to 

protect the low-rise masonry house effectively. 
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Fig. 12. The top roof acceleration of masonry house with different simplified models. 

Table 4. Comparisons of masonry building with different simplified models. 

Model type 
Structural period 

(s) 

Masonry house without seismic isolators 0.0549 

Masonry house with bonded seismic isolators 0.815 

Masonry house with seismic isolators and SSSDs 0.813 

6 Conclusions 

In this paper, the novel hybrid system including seismic isolator and S-shaped steel 

dampers has more advantages than traditional isolation system (bonded seismic isola-

tor), especially improving in energy dissipation capacity and structural period. 

The numerical analysis which is an excellent tool verify that the models of seismic 

isolator without SSSDs are effective comparing with theoretical calculation, and can 

develop for improving energy dissipation capacity of seismic isolation system by 

adding S-shaped steel dampers. 

Using the nonlinear horizontal stiffness and damping ratio of seismic isolator with 

and without SSSDs, the simplified models are very close to the mechanical properties 

of seismic isolator with and without SSSDs simulated in ABAQUS. 

Compared with masonry house with the application of different seismic isolation 

systems, it is found that the mechanical capacity of masonry house with the simplified 

model of seismic isolators and SSSDs is more obviously improved under L’ Aquila 

earthquake than other systems, especially in the top roof acceleration and structural 

period. The application of seismic isolators and SSSDs could effectively protect the 

low-rise masonry house under earthquake action. 
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