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Abstract

The vertical behavior of Fiber Reinforced Elastomeric Isolators (FREIs) is controlled by geometric 
and mechanical parameters, such as primary and secondary shape factors, shear modulus of the 
rubber and effective compressive modulus of the rubber-reinforcements compound. Several studies 
dealt with the vertical properties of the bearings, deriving analytical formulations in function of the
bearing geometry and materials’ properties. These relations have been derived under pure 
compression, considering the interaction between single rubber layers and flexible reinforcements. 
As of today, few works have been proposed on the influence of the horizontal displacement imposed 
on the bearing, i.e. no interaction between vertical pressure and horizontal displacement on the
vertical stiffness and the compressive modulus has been accounted for. In this paper, a numerical
study on the influence of the primary and secondary shape factor, the shear modulus of the rubber 
and the vertical pressure on the vertical properties of the FREIs is presented. In a first stage the 
behavior of square shaped FREIs under pure compression is examined and relative outcomes are 
presented. Then the influence of the horizontal displacement on the vertical response of the 
bearings is considered. Interesting results on the trend of the vertical stiffness and compressive 
modulus are obtained and useful considerations on the stability of FREIs are provided.

Keywords: Fiber-Reinforced Elastomeric Isolators, Vertical Properties, Elastomeric Seismic 
Isolators, Rubber bearings, Seismic Isolation.

1. INTRODUCTION

Fiber-reinforced elastomeric isolators (FREIs) were introduced as alternative seismic isolation 
devices to steel-reinforced elastomeric isolators (SREIs). Several advantages in cost and 
manufacturing result replacing steel reinforcements with fiber fabrics such as:

Fiber fabrics are much lighter than steel, despite having similar elastic mechanical
properties. With the same volume of reinforcement, fiber-reinforced bearings are therefore
lighter than steel-reinforced ones [1].
Fiber-reinforced bearings can be produced in a cheaper and faster manufacturing process,
i.e. cold vulcanization process [2].
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From larger sized pads, it would be possible to cut bearings of the required size and different
shapes (i.e. strip-shaped) [1, 3, 4].

Using fiber-reinforced bearings in unbonded configuration, i.e. allowing the marginal areas of the 
bearing to detach from the supports during horizontal displacement resulting in the rollover 
deformation, further advantages can be achieved. 

As the marginal portions of the bearing gradually detach from the supports during horizontal
displacement, the contact area reduces and consequently the lateral stiffness of the bearing,
increasing the efficiency of the isolation system [5].
The tensile stresses that would develop in the marginal area of the bearing in bonded
configuration are greatly reduced when these marginal portions can detach from the supports
[6].
The rollover deformation proceeds until the initial vertical faces of the bearing fully touch
the supports becoming horizontal and increasing the lateral stiffness of the bearing. As this
occurs at large deformations, the isolation system acquires greater stability at large
displacements [5, 6].

The response of fiber reinforced elastomeric isolators has been studied in several works. Analytical 
formulations for vertical ( [1, 7, 8, 9]) and horizontal stiffness ( [10, 11, 12, 13]) have been 
proposed, and a number of other studies have investigated the mechanical properties of bearings 
through experimental tests ( [4, 3, 14, 15, 16, 17, 18, 19, 20, 21]) and finite element analysis ( [22,
23, 24, 25]). Furthermore, analytical models for static and dynamic response have been proposed (
[26, 27, 28, 29, 30]).

The vertical stiffness of an elastomeric bearing is primarily controlled by two parameters [31]:

primary shape factor 1S (defined as the ratio between the loaded area and the area free to bulge) and

effective compressive modulus cE (defined as the instantaneous elastic modulus of the rubber-
reinforcements compound). The lateral response of an unbonded FREIs can be stable or unstable
(Figure 1). In the first case, the bearing shows a positive tangent lateral stiffness throughout the 
lateral deformation; in the second case the horizontal tangent stiffness of the bearing could decrease 
until becoming equal or less than zero. The horizontal response is mainly controlled by the 
secondary shape factor [32], that is the ratio between the base side in the horizontal displacement 

direction and the total height of the bearing ( 2 /S B H ). Current codes require stable behavior to
bearings [33, 34, 35], i.e. a sufficiently high secondary shape factor. Several experimental and 

numerical studies have shown that a stable behavior is ensured if 2S is at least equal to 2.5 [36, 37,
36, 38].
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Figure 1: Stable vs unstable lateral behavior of U-FREIs under combined axial and shear load.

Elastomeric bearings require larger vertical stiffness than horizontal one (e.g. at least two order of 
magnitude) to support the weight of the superstructure and avoid potential rocking motions [39, 31].
Comparing the vertical stiffness under pure compression and the secant horizontal stiffness of a 
generic bearing with a sufficiently large primary shape factor, this requirement is easily met.
However, during the rollover of the lateral displacement, the contact area between the bearing and 
the supports is reduced, which also reduces the vertical stiffness of the bearing. It is therefore 
necessary to take this reduction into account when comparing vertical and horizontal stiffness. In a
safety evaluation, the vertical and horizontal stiffnesses could be compared at a given level of 
horizontal displacement.

However, few studies have considered the reduction of vertical stiffness with increasing horizontal 
displacement [40] and there is a lack of knowledge on the influence of the main geometric and 
mechanical parameters on the interaction between vertical and horizontal response. This work 
proposes a large number of finite element analysis on square shaped FREIs, varying different 
mechanical and numerical parameters. The influence of the primary and secondary shape factor on 
the combined vertical and horizontal response is taken into account.

2. FINITE ELEMENT ANALYSIS: OVERVIEW

Several different values for two combinations of geometric and mechanical parameters were 
considered:

Geometric: base dimensions 2 2B a b and thickness of the elastomeric layers et ;

Mechanical: shear modulus G of the elastomer and vertical applied pressure v .

In addition, four parameters were also kept constant: the total height of the bearing 
( 1)e fH nt n t , the equivalent thickness of the fiber reinforcement ft , Young’s modulus fE of

the fiber fabric and its Poisson’s ratio f . All the considered parameters are listed in Table 1. By
permuting the parameters shown in Table 1, a total of 240 numerical models were obtained, with 9 
different secondary shape factors, ranging from 1 to 5, and 16 primary shape factors, from 5 to 62.5.
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Table 1: Variable parameters considered in the finite element analysis.

2 2a b B H et G v fE ft f

[mm] [mm] [mm] [MPa] [MPa] [MPa] [mm] [-]
100 100 2 0.4 2 70000 0.1 0.1
150 5 0.8 4
200 1.2 6
250 8
300
350
400
450
500

All the finite element analyses were carried out using MSC Marc [41], a general purpose FEA 
software optimized for non-linear analyses. This software allows careful modeling of nonlinear 
behavior, with a wide choice of hyperelastic material models for elastomers.

The elastomer was modeled using a Neo-Hookean hyperelastic material. When the compressibility 
of the elastomer is taken into account, the strain energy density function can be obtained as [42]:

2
1 1 2ln )( 3 2 ( 1)W C I C JJ (2.1)

where 1C and 2C are material constants, 2 2 2
1 1 2 3I the first invariant of the right Cauchy-

Green deformation tensor  and 1 2 3J the determinant of the deformation gradient. 

The strain energy density function for an incompressible Neo-Hookean material is given by:

1 1( 3)W C I (2.2)

obtained from (2.1) when 1J . The two constants 1C and 2C can be correlated to the Lamè
constants:

1

1
2

2
2

2 2 3 2 3

C G

CK G KC
(2.3)

The fiber reinforcement layers were modeled using a linear elastic model, with each layer is fully 

defined by the three parameters shown in Table 1 ( fE , f and ft ). The elastomeric layers were
modeled using a four-node, isoparametric, quadrilateral elements, implemented for plane-strain 
incompressible applications [43]. The reinforcement layers were modeled using an isoparametric, 
plane-strain, 2-node rods or cords (i.e. rebars), in conjunction with the 4-node plane strain 
continuum elements used for the rubber layers [43]. Top and bottom supports were modeled using 
rigid contact curves. A “touch” type of contact between the bearing and the rigid supports has been 
set, with a friction coefficient of 1, a reasonable value to describe the friction at the rubber-steel 
interface [44].
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2D models were used for this study, taking into account the out of plane dimension of the bearing, 
resulting in equivalent 3D models (Figure 2).

Figure 2: Full 3D numerical model vs equivalent 3D FEA model.

3. FINITE ELEMENT ANALYSIS RESULTS: VERTICAL STIFFNESS

3.1 – Pure compression

The trend of vertical stiffness under four different values of vertical pressure (from 2 to 8 MPa) and 

for different values of the shear modulus is shown in Figure 3 and Figure 4 for 2et mm and
5et . In each graph, the vertical stiffness is plotted with respect to the vertical displacement

(primary axes, black curves) and to the primary shape factor (secondary axes, gray curves); for each 
curve, each marker stands for a different secondary shape factor, i.e. one of the bases listed in Table 
1 being the total height constant. This representation allows to simultaneously monitor the 
interaction between mechanical and geometric parameters on the vertical stiffness of the bearings.

The significant role of the primary shape factor 1S is confirmed, i.e. an approximately quadratic
relationship with the vertical stiffness is found. The vertical stiffness does not vary appreciably with 

the vertical pressure applied as 1S varies. With the same 1S , even if the vertical pressure is four
times higher, the vertical stiffness is almost constant. A clear change of response is appreciable in 

vertical displacements. The vertical response may be split into two ranges of 2S ; for a generic G

modulus and a generic vertical pressure v :

If 2 2.5S : the vertical displacement varies slightly between one bearing and another,

varying less and less and tending to a vertical asymptote as 2S increases, regardless of
mechanical parameters (pressure and shear modulus).

If 2 2.5S : displacements under vertical load vary more and more as 2S decreases..

The transition value 2 2.5S agrees with previous findings from literature regarding the stability of

bearings subjected to simultaneous vertical and horizontal load: bearings with a larger value of 2S

have a more stable behavior and are less dependent on mechanical parameters ( [37, 38]).
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Figure 3: Vertical stiffness under pure compression for different vertical pressure, primary and secondary shape factor, 
2et mm: a) 0.4G MPa , b) 0.8G MPa . c) 1.2G MPa
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Figure 4: Vertical stiffness under pure compression for different vertical pressure and secondary shape factor, 5et
mm: a) 0.4G MPa , b) 0.8G MPa . c) 1.2G MPa

3.2 – Combined vertical and horizontal load

The vertical stiffness of bearings under combined vertical and horizontal load is reduced due to the 
rollover: the marginal areas of the bearing detach from the supports, the contact area is reduced and 
consequently the vertical stiffness. The reduction of vertical stiffness involves an increase in the 
axial compressibility of the bearing. Figure 5 and Figure 6 show the trends of vertical stiffness with 

vertical and horizontal displacement, for 2et mm and 5et mm. The left columns of the figures

show the v vK trends, while those on the right show the v HK trends; each row refers to a
different value of the shear modulus G .

As from Figure 3 and from Figure 4 it can be deduced that the trend of the vertical stiffness does not 
depend on the applied pressure (its effect is to increase the compression and, therefore, the vertical 

displacements), e.g. 8v MPa was considered in Figure 5 and Figure 6.
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Compared to the vertical displacement, the stiffness is constant in a first part, where the horizontal 

displacement is zero. The horizontal extension of the constant stiffness section is smaller as 2S

increases, because the vertical stiffness increases.

Vertical stiffness is always decreasing as the horizontal displacement increases with an almost

linear trend; this decrease is smaller for the higher values of 2S . Table 2 shows the average on the
pressures and on the G modulus of the ratios between the vertical stiffness at the generic level of

horizontal displacement ( vK ) and that under pure compression (
(0)
vK ). Again, there is a difference

in vertical response between bearings with 2S lower and higher than 2.5:

If 2 2.5S : the vertical stiffness, even at large displacements, still anyway around the 50%

of that under pure compression. This reduction tends to zero as 2S increases, with a vertical

stiffness at 2.00H for 2 5.00S on average 17% lower than the stiffness under pure
vertical load.

If 2 2.5S : as 2S decreases, the bearings is unstable before one of the selected thresholds of
horizontal displacement and the computation of the vertical stiffness is meaningless. For 
bearings that reach full rollover, the vertical stiffness almost drops to zero.

As mentioned, the vertical stiffness must be sufficiently higher than the horizontal stiffness. Their 
ratio must have at least two orders of magnitude of difference. Considering a ratio between vertical 
stiffness under pure compression and horizontal stiffness equal to 500, this ratio is reduced under 
combined vertical and horizontal action according to Table 2. The numerical values are shown in 

Table 3. As can be seen, only where 2S is at least equal to 2.5 this ratio remains greater than 100
up to full rollover.
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Figure 5: Vertical stiffness variable with vertical and horizontal displacement, 2et mm: a) 0.4G MPa , b)

0.8G MPa . c) 1.2G MPa .
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Figure 6: Vertical stiffness variable with vertical and horizontal displacement, 5et mm: a) 0.4G MPa , b)

0.8G MPa . c) 1.2G MPa .
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Table 2: Average 
(0)/v vK K ratios for different horizontal displacement levels.

2S

H 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00
(0)/v vK K

0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
0.50 0.51 0.72 0.82 0.87 0.90 0.91 0.93 0.94 0.95
1.00 - 0.28 0.54 0.67 0.75 0.80 0.84 0.86 0.89
1.50 - - 0.27 0.47 0.60 0.68 0.76 0.81 0.85
2.00 - - 0.03 0.25 0.43 0.56 0.69 0.76 0.83

Table 3: Examples of  /v HK K ratios for different horizontal displacement levels.

2S

H
1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

/v HK K
0.00 500 500 500 500 500 500 500 500 500
0.50 238 356 406 430 445 454 463 468 472
1.00 - 111 262 325 365 389 412 427 437
1.50 - - 118 224 290 327 368 396 413
2.00 - - 33 116 209 260 320 364 392

4. FINITE ELEMENT ANALYSIS RESULTS: COMPRESSIVE MODULUS

4.1 – Pure compression

The compressive modulus cE under pure compression depends solely on the mechanical and
geometric properties of the bearing. Starting from the vertical stiffness obtained in §3.1, it is 

therefore possible to obtain the cE modulus under pure compression by varying both the geometry (
1S , 2S ) and the mechanical parameters (G , v ), as follows:

( 0) v r
c H

c

E K t
A (4.1)

where rt is the total rubber height and cA the contact area between bearing and support. Figure 7
and Figure 8, as done for vertical stiffness, show the trends of the compressive modulus under pure 
compression as the vertical pressure, secondary shape factor (primary axes, black curves) and 
primary shape factor vary (secondary axes, gray curves). Again, the vertical pressure does not affect 
the shape of the curves, making these translate horizontally (black curves) or vertically (gray 
curves). The secondary shape factor affects the response under pure compression only for low 

values ( 2 2.5S ), while for high values the compressive modulus seems to converge to a common

value for a fixed G and v . Finally, the G modulus clearly affects the compressibility of the
bearing, more significantly when the thickness of the elastomeric layer is greater.
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Figure 7: Effective compressive modulus under pure compression for different vertical pressure, primary and 
secondary shape factor, 2et mm: a) 0.4G MPa , b) 0.8G MPa . c) 1.2G MPa
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Figure 8: Effective compressive modulus under pure compression for different vertical pressure, primary and 
secondary shape factor, 5et mm: a) 0.4G MPa , b) 0.8G MPa . c) 1.2G MPa

4.2 – Combined vertical and horizontal load

The effective compressive modulus cE of the bearings under combined axial and shear load was 
determined as follow:

)
) )

(
( ( ( )
v r v r

c H
c H v H c H

E
AA

K t F t (4.2)

being v vF A the vertical applied force and v the total vertical displacement at the top of the 
bearing. During horizontal displacement, the total vertical displacement and the contact area vary, 
increasing and decreasing respectively, resulting functions of the horizontal displacement. Since the 
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vertical displacement increases as the horizontal displacement increases while the contact area 

decreases, the cE modulus can either decrease or increase.

Figure 9 and Figure 10 show the trends of the cE modulus with the horizontal displacement.
Again, a dual range can be defined by the secondary shape factor:

If 2 2.5S : the modulus has a strictly decreasing trend with the horizontal displacement, the

more marked the lower is 2S . This is because the vertical displacement in formula (4.2)
increases faster than the contact area decreases.

If 2 2.5S : the cE modulus is constant in a first section up to a horizontal displacement

around 150 mm, then cE rapidly decreases. In the first section, the variations in vertical
displacement and contact area are almost equivalent, so the modulus varies little noticeably.

In the second section, due to the full rollover, the contact area increases and the cE modulus
can only decrease.
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Figure 9: Effective compressive modulus vs horizontal displacement, 2et mm: a) 0.4G MPa , b) 0.8G MPa
. c) 1.2G MPa .
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Figure 10: Effective compressive modulus vs horizontal displacement, 5et mm: a) 0.4G MPa , b)

0.8G MPa . c) 1.2G MPa .

5. CONCLUSIONS

The vertical response of a large number of fiber-reinforced elastomeric isolators was analyzed in 
this paper, i.e. vertical stiffness and effective compressive modulus have been studied into details.
Two conditions of variation of the vertical properties were considered: vertical properties both 
under pure compression and combined vertical and horizontal load. The geometric and mechanical 
factors considered allowed to draw general conclusions on the variability of the vertical response. 
The bearings exhibit a response mainly dependent on geometry rather than on applied pressure; the 
mechanical parameters influence the magnitude of the response but not the shape, which is 

preserved. The main role of the primary shape factor 1S on the vertical response of a single
bearings under pure compression is confirmed. When the bearing is subjected to simultaneous 
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vertical and horizontal action, the secondary shape factor 2S plays a key role, particularly affecting
the stability of the bearing. A transition value approximately equal to 2.5 can be found, which 
separates the response of stable from unstable bearings. Unstable bearings show a rapid decrease in 
vertical stiffness and effective compressive modulus; in stable bearings the vertical response 
parameters decrease less noticeably as the lateral stiffness increases. It is essential that the vertical 
stiffness tends to be higher than horizontal stiffness even under lateral deformation: this
requirement tend to be met by bearings with a secondary shape factor greater than 2.5.
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