
  

 

Abstract—In order to obtain a more precise seismic response 

of steel-laminated elastomeric bearing, which is widely used in 

middle-span bridges, a three-dimensional finite element model 

of this bearing is built by ABAQUS software, incorporating 

material, geometric nonlinearities, and frictional contact 

between bearing surfaces and plates. Analytical simulation is 

carried out to study the behavior of steel-laminated elastomeric 

bearing under the compression and shear, adapting both penalty 

friction model and static-kinetic exponential decay friction 

model. The results about hysteretic curve and equivalent viscous 

damping ratio are compared with test one. The results show that 

the numerical results using static-kinetic exponential decay 

friction model are in good accordance with the test one, so the 

numerical model can simulate the behavior of experimental 

bearings well and is accurate enough to simulate the bearing 

friction slipping. Further parameter analysis on the influence of 

pressure and velocity of slipping is conducted, for bridge seismic 

design and analysis. 

 
Index Terms—Steel-laminated elastomeric bearing, 

Analytical simulation, penalty friction model, static-kinetic 

exponential decay friction model. 

 

I. INTRODUCTION 

Steel-laminated elastomeric bearings (SLEB) are widely 

used in small-span and medium span bridges for its low cost 

and convenience in engineering practice, which is an 

important kind of component to connect the superstructure 

(main girder) and substructure (piers). SLEB transfers the 

inertia force of the girder to the pier under earthquake. Studies 

shows that sliding of bearings can reduce the inertia force of 

the girder, can play a certain isolation effect, and can make 

use of this sliding bearing friction properties in seismic 

design. 

At present, the study on the performance of SLEB mainly 

base on the FEM analysis, due to the material and geometric 

nonlinearities of rubber, and frictional contact [1]-[4]. But 

few studies has been done considering the friction coefficient 

changing by pressure and relative speed between the contact 

surfaces of bearing and plates[5], [6]. Some experiments are 

also carried out to study the slipping performance of SLEB 

[7], [8]. Theoretical analysis also has been carried out based 

on elasticity [9]. So it is necessary to study the characteristics 

of SLEB considering both friction slipping and material 
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nonlinearities. 

To study the characteristics of bearing friction slipping 

effects, we use ABAQUS software and build a 

three-dimensional finite element model for parameter analysis, 

on the basis of the bearing test. Penalty friction model and 

static-kinetic exponential decay friction (SEDF) model are 

adopted respectively to simulate the friction sliding behavior 

of SLEB under the load of compression-shearing. The 

simulation results show good accordance with the test results, 

which can be used as a guidance in bridge structure seismic 

design and analysis.  

 

II. CONSTITUTIVE MODEL OF MATERIALS 

SLEB consists of rubber layers and steel shims. Finite 

element analysis is carried out using ABAQUS software. 

Rubber and steel use hyperelastic model and elastic model 

respectively. 

A. Rubber Constitutive Model 

On a macroscopic level, the behavior of the rubber exhibits 

certain characteristics: (1) it can undergo large elastic 

deformation; (2) there is little volume change when stress is 

applied. For rubber, a hyperelastic material, the energy 

density function model is widely used to define its constitutive 

model, instead of by the parameters Young’s modulus and 

Poisson ratio. 

The energy density function model of hyperelastic 

materials is defined as follows: 
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where N is the order of polynomial function; Cij, D1 are 

undetermined parameters, J is the elastic volume ratio. For 

incompressible material, J = 1, the formula can be reduced to:  
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B. Parameters of Constitutive Models 

In order to obtain the parameters of rubber materials, 

uniaxial tensile test rubber specimen is carried out. The length 

of specimen is 25 mm, the cross section is 2 mm×6 mm. The 

specimen is shown in Fig. 1. In this paper, the Mooney-Rivlin 

material model [10] is adapted, the material model can well 

describe the mechanical properties of rubber materials. 

According to the rubber material test to determine the 

parameters, C10 = 0.37 MPa, C01 = 0.03 MPa. The rubber 
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material stress-strain curve test data compared with FEM 

results is shown in Fig. 2.  

 

 
Fig. 1. Specimen of rubber. 

 

 
Fig. 2. Stress-strain curves of rubber under tensile load. 

 

III. NUMERICAL ANALYSIS 

A three-dimensional finite element model of SLEB was 

established, considering the hyperelastic properties of rubber 

materials and the complex interaction between plate and the 

surface of the rubber bearing. Test bearing profile is shown in 

Fig. 3. 

 
Fig. 3. Profile of SLEB (unit: mm). 

 
Fig. 4. Contact areas of SLEB and plate. 

 

 
Fig. 5. Mesh generation of FEM model. 

A. Finite Element Type and Meshing 

For rubber material is a kind of incompressible hyperelastic 

materials, ordinary element in FEM may cause numerical 

problems, such as shear locking and convergence problem. 

Therefore in this paper, rubber layers are modeled by 8-node 

hybrid element (C3D8H), and steel shims are modeled by 

8-nodes reduction element (C3D8R). Steel is treated as a 

linear elastic material. Its elastic modulus is 200 GPA, and 

Poisson’s ratio is 0.3. Steel shims and rubber layers are bound 

together. There are 15 rubber layers and 14 steel shims in one 

SLEB. SLEB and plate consist of the whole model (Fig. 4). 

The mesh generation is shown in Fig. 5. 

B. Friction Models 

In ABAQUS, the frictional contact between SLEB and 

plates is defined by normal and tangential behavior. Normal 

behavior is defined by hard contact, which means that the 

pressure between the contact surfaces is not restricted, and 

when the pressure decrease to zero or less, the two contact 

surfaces will separate. The tangential behavior is defined as 

follows: 

maxmin( , )c P                    (3) 

where τc is the critical shearing stress; μ is the friction 

coefficient; P is the normal pressure; τmax is the max friction 

stress limit. 

Penalty friction (coulomb friction) model and SEDF model 

are used to simulate the tangential contact behavior. In 

penalty friction model, friction coefficient is a constant, which 

will not change by the contact pressure or velocity, and is a 

discontinuous model. In SEDF model, friction coefficient is a 

not a constant, which will change by the contact velocity, 

which is more reasonable and can perform a good simulation 

of SLEB sliding from sticking to slipping. The friction 

coefficient in SEDF model is defined as follows: 
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where μk is the dynamic friction coefficient, μs is the static 

friction coefficient, dc is the decay ratio; v is the slipping ratio. 

 

IV. VERIFICATION OF SHEARING STIFFNESS OF SLEB 

In compression-shearing test, the vertical load weight is 1.0 

t, and horizontal loading speed is 0.5 mm/s, at an amplitude of 

25 mm. Experimental results compared with the FEM one are 

shown in Fig. 6. The shear stiffness of bearing is calculated 

FEM results, and the average value of shear stiffness is 250.0 

N/mm, which is very close to the theoretical value 249.6 

N/mm and experimental value 241.0 N/mm, and proves that 

the FEM simulation is accurate. The shearing stiffness of 

SLEB in FEM model is given in Table I. 
 

TABLE I: SHEARING STIFFNESS OF SLEB IN FEM MODEL 

Shearing force(kN) Deformation(mm) Shearing stiffness(N/mm) 

0.094 0.38 249.96 

0.471 1.5 249.96 

1.033 4.1 249.99 

2.047 8.2 250.06 
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Fig. 6. Shearing force-displacement curves of SLEB. 

 

V. SIMULATION OF SLIPPING OF SLEB 

In FEM model, the upper surface of the SLEB is fixed on 

the connecting plate, and slipping is allowed to occur at the 

lower surface. The deformation of the bearing is shown in Fig. 

7.  

 

 
(a) Deformation of bearing under vertical load 

 
(b) Deformation of bearing under vertical load and horizontal load 

Fig. 7. Deformation of SLEB under different loads. 

 

The friction coefficient in penalty friction model is 0.51, 

which is the value when the vertical load is 1.0 t. The loading 

is at a speed of 0.5 mm/s and the max displacement is 80 mm. 

The residual force in bearing is also considered. The test and 

FEM results of horizontal force-displacement curves are 

shown in Fig. 8. 

 
(a) vertical load at 0.2t  

 
(b) vertical load at 0.6t 

  
(c) vertical load at 1.0t 

Fig. 8. Comparison of Test and FEM results under different vertical loads 

 

It shows that results of two friction models are in good 

accordance with the test results in Fig. 8. The SEDF model is 

closer to the test results. What causes the differences between 

the two friction models is as follows: 1) at the beginning of the 

bearing sliding, relative velocity between SLEB and concrete 

plate increased which decreased the friction coefficient; 2) at 

the maximum loading displacement, loading velocity 

decreased which increased the friction coefficient. 

 

VI. PARAMETERS ANALYSIS 

Two friction model can be used to simulate the process of 

bearing slipping. The penalty friction model is only defined 

by a constant friction coefficient, which treat maximum static 

friction force as the sliding friction and cannot simulated the 

discontinuous friction slipping. SEDF model is a better model 

by contrast. The differences of results of two friction model 

are shown mainly as follows: 

A. The Initial Slipping Point 

Initial slipping point is a symbol of bearing capacity. The 

displacement value of the initial slip points of bearing test and 

finite element simulation is given in Table II. 

 
TABLE II: INITIAL SLIPPING DISPLACEMENT OF SLEB 

Vertical 

Load(t) 

Displacement(mm) 

TEST SEDF Penalty 

0.2 9.0 8.8 8.3 

0.6 23.5 24.3 21.2 

1.0 36.9 36.4 34.7 

 

B. Equivalent Shearing Stiffness of SLEB 

When slipping occurs, equivalent stiffness is commonly 

used to describe the performance of bearings. Under 0.6 t of 

weight in two models, the results of FEM and test are shown 

in Fig. 9. SEDF model is in better accordance with the test 

results,  

 

 
Fig. 9. Comparison of horizontal equivalent stiffness. 
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As shown in Fig. 9 when shear deformation is at 30 mm, 

SEDF model results is the same as the test results, whereas 

penalty friction model result is 21.9 N/mm; At the shearing 

deformation of 35 mm, SEDF model test value and the result 

is almost the same, penalty friction model result is 18.77 

N/mm; At the shearing deformation of 40 mm, there is a little 

difference between SEDF model results and the test results. 

There is a big difference between the results of penalty 

friction model the test results. 

C. Equivalent Viscous Damping Ratio 

The equivalent viscous damping ratio is one of the most 

important performance indicators, which reflects the energy 

consumption capacity of structure under seismic action. 

Hysteresis curves under 0.6 t are shown in Fig. 10. 

 
Fig. 10. Comparison of hysteresis curves. 

 

Further FEM simulation is carried out to analysis the under 

various load cases. As shown in Fig. 11, the equivalent 

damping ratio of SLEB increases by the shearing deformation 

for both SEDF model and penalty friction models. The 

equivalent damping ratio of SLEB increases with the 

decreasing of loading speed. The equivalent damping ratio of 

SLEB modeled by penalty friction model is the smallest. 

 

 
Fig. 11. Equivalent damping ratio at different velocities. 

 

From the above analysis, the two friction models can be 

used to simulate bearing friction slipping phenomenon. The 

calculation process of penalty friction model is simpler than 

the SEDF models, but has a poor accuracy. SEDF model may 

lead to a better results. 

 

VII. CONCLUSION 

1) Friction coefficient of SLEB is related to the vertical 

pressure and loading speed, with the increase of the 

vertical stress and the increase of loading rate. 

2) The test results show that the friction coefficient of 

SLEB and concrete plate is between 0.5-0.6, which is 

much greater than the recommend one 0.15, in 

Guidelines for Seismic Design of Highway Bridges 

(JTG/T B02-01-2008, a China bridge design code). 

3) In general, when the horizontal load is more than the 

shearing force of 100% shear deformation of SLEB, 

slipping will happen, which can be used as a criteria to 

determine whether SLEB slips or not. 

4) The equivalent damping ratio of SLEB decreases with 

the increase of loading speed, as well as the equivalent 

shear deformation. 

5) A fine FEM model of SLEB is established, 

incorporating material, geometric nonlinearities, and 

frictional contact between bearing surfaces and plates. 

SEDF model is accurate enough to simulate the SLEB 

friction slipping for bridge seismic design and 

analysis.  
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