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Vertical response of unbonded
fiber reinforced elastomeric
isolators (U-FREIs) under
bidirectional shear loading
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Italy

Fiber Reinforced Elastomeric Isolators (FREIs) were generally studied in
unbonded configuration. Due to combined axial and shear loads, the
contact area between the bearing and horizontal supports reduces with the
horizontal displacement. As a result, both the vertical and the horizontal
stiffnesses decrease with the horizontal deformation while also the vertical
deformation increases. This paper presents the results of a large set of full-scale
3D Finite Element Analyses on unbonded fiber reinforced bearings with
different geometries, subjected to combined axial and multi-directional
shear loads. The main vertical response parameters were studied, namely
the vertical displacement, the vertical stiffness, and the effective
compressive modulus, thus highlighting the influence of both geometry and
horizontal loading direction on the vertical response of the FREIs. Conclusion of
this study demonstrate to what extent the combined influence of geometric
properties and loading conditions affects the vertical response of elastomeric
bearings with flexible reinforcements.
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1 Introduction

Common Steel Reinforced Elastomeric Isolators (SREIs) used in seismic isolation
(Kalfas and Mitoulis, 2017; Tubaldi et al., 2018; Kalfas et al., 2020) are costly and heavy
(Konstantinidis and Kelly, 2014). Fiber Reinforced Elastomeric Isolators were proposed as
low-cost alternative (Kelly, 1999), replacing the embedded steel reinforcements with fiber
fabrics and removing the thick steel end plates to use the devices in unbonded condition,
i.e. with no bonding with the structure (Unbonded Fiber Reinforced Elastomeric Isolators,
U-FREIs (Toopchi-Nezhad et al., 2008a). Different studies demonstrated the advantages
in using FREIs over SREIs as (Madera Sierra et al., 2019):

o Lighter devices can be obtained using fiber fabrics as reinforcements (Kelly, 1999).
o Bearings of different size and shape can be cut from bigger pads (Moon et al., 2002).
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TABLE 1 Variable geometric parameters in the set of FEMs.

2a 2b H te t¢
[mm] [mm)] [mm] [mm)] [mm]
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300 800 200 20
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» Hot vulcanization process require for steel reinforcement
can be replaced by faster and easier cold vulcanization
process used for fiber reinforcements (Moon et al., 2003).

Due to the unbonded configuration, the bearings
experience the rollover deformation, i.e. the edges of the
device detach from the supports following the horizontal
(Kelly 2011). This
deformation continues until the initial vertical faces of the

deformation and Konstantinidis,
bearing starting touch the support gradually becoming
horizontal, resulting in the full rollover condition
(Toopchi-Nezhad et al., 2008b; Losanno et al., 2019).

The reduction of the horizontal stiffness following the
rollover deformation enhances the isolation system efficiency
(Naeim and Kelly, 1999). However, the tangent horizontal
stiffness needs to be positive in order the bearing to be stable
(ASCE-7, 2010; Decree 17 January 20182018; Galano et al.,
2021a; Galano et al., 2022; Russo and Pauletta, 2013; Code,
2005). Unstable U-FREIs show softening response at large
lateral deformations prior to full rollover. The stable/unstable
response of the U-FREIs mostly depends on the secondary
shape factor (Toopchi-Nezhad et al., 2009; Pauletta et al.,
20152015; Galano et al., 2021b; Calabrese et al., 2021), defined
as the ratio between the base side in the direction of the
horizontal load to the total rubber height (). U-FREIs with a
secondary shape factor greater than 2.5 were seen to show
stable response up to full rollover (de Raaf et al., 2011; Ngo
et al., 2020; Galano et al., 2021; Galano, 2022; Galano, 2022),
depending also on the mechanical properties, i.e. rubber
compound and axial pressure.

The area reduction due to rollover increase the vertical
deformation of the bearing, thus reducing the vertical stiffness
(Galano, 2021). Several research works studied the vertical
response of U-FREIs under pure compression or under
combined axial and mono-directional shear load (Angeli
et al., 2013; Osgooei et al., 2016; Osgooei et al., 2014; Al-
Anany et al., 2017; Calabrese et al., 2021; Losanno et al., 2022),
highlighting the influence of different geometric parameters,
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among all the primary shape factor, defined as the ratio
between loaded and free to bulge areas.

FREIs under combined axial and multidirectional shear
loading were studied considering the effect of the horizontal
loading direction on the lateral response of the bearings (Osgooei
et al,, 2014; Ngo et al.,, 2017). Very little is known on the vertical
response of U-FREI subjected to axial and multi-directional
horizontal loading. The ratio of vertical to horizontal stiffness
of these bearings needs to be large enough to support the
(Kelly
Konstantinidis, 2011). Due to area reduction following the

structure and to avoid rocking motions and
horizontal deformation, in a safety evaluation, the vertical
stiffness can be computed at a generic horizontal displacement
threshold.

For this purpose, this paper studies the vertical response of
rectangular- and square-shaped U-FREIs through a large
number of full-scale 3D Finite Element Analyses (FEAs).
Different horizontal loading directions are considered for each
bearing. The trends of the vertical displacements, of the vertical
stiffness and of the effective compressive modulus with the main
geometric parameters are given as functions of the horizontal

deformation of the bearings.

2 Description of the numerical
analyses

2.1 Finite element models

Table 1
considered in the numerical analyses, while Figure 1 gives a

reports the variable geometric parameters

schematic of the generic rectangular-shaped U-FREI. Four
and three different values of the base side in X (2a) and Y (2b)
direction are considered, respectively; also, two total heights
(H) and thicknesses of the elastomeric layers (t,) complete the
variable geometric parameters. With the thickness of the
elastomeric and reinforcements layers and the total heights
defined in Table 1, four different values of the total number of
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FIGURE 1

10.3389/fbuil.2022.1056187

B o
@ .
> s
Ay N Nal
Va
7‘ S
RN
&%/
2b | Fy >» =0
X
/ s
2a

U-FREI studied: (A) geometric parameters definition, (B) horizontal loading directions.

TABLE 2 Mechanical parameters set for the FEAs.

oy G K E¢ vt
[MPa] [MPa] [MPa] [MPa] [-]
4.00 1.00 2000 50,000 0.100

rubber layers (n = (H +ts)/(t. +tf) and of the total rubber
height (t,) are obtained. Each bearing is loaded in five different
horizontal directions, defined by the five angles (9) listed in
Table 1 and computed counterclockwise from the X axis
(Figure 1B). Combination of the variable parameters leads
to a total number of 240 Finite Element Models (FEMs), as
part of the set presented in (Galano et al., 2021).

The mechanical parameters of each bearing are kept
constant in the analyses, their numerical values shown in
Table 2.

The primary shape factor (S; = ab/t, (a + b)), is included
in the range 3.33-17.6 (Table 1). In this paper, the definitions
of base side (B(9)) and shear strain in the horizontal loading
\l6§(9) + 62(9)/1‘,) given in (Galano
et al, 2021) are used; accordingly, the secondary shape
factors in the horizontal loading direction (Sg = B(9)/t,)
range from 1.02 to 12.5 (Table 1).

Each bearing was prior subjected to increasing vertical load

direction (y}; = 6}9{/tr =

up to a target vertical pressure (Table 2) and then displaced in the
horizontal directions of Table 1 up to y¥; = 100%. Past this shear
strain threshold, the overturning condition due to rollover
lead to and horizontal

deformation increasing  vertical
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stiffnesses. Thus, no reduction of the bearing capacity of the
U-FREIs would be obtained.

2.2 FEMs specifications

The numerical analyses are carried out using MSC Marc
(MSC.Software Corporation, 2005), a general-purpose finite
element software. The compressible Neo-Hookean hyperelastic
material was used to model the elastomer. In this model, the
strain energy density function is given by the following equation
(MSC.Software Corporation, 2017a):

W=C/(I;-3-2In])+C,(J-1)% 1)

Where C; and C, are material constants, I; = A> + A3 + A3 is the
first invariant of the right Cauchy-Green deformation tensor and
J = A1A2A; is the determinant of the deformation gradient. As for
consistency with linear elasticity C; = G/2 and C, = K/2; thus, these
constants can be set according to parameters shown in Table 2.

The fiber fabrics were modeled considering a bi-directional
reinforcement mesh and using a linear elastic material model
whose mechanical parameters are shown in Table 2 (last three
columns).

The elastomer has been modeled using an eight node,
isoparametric, arbitrary hexahedral element (element 7 in
Marc (MSC.Software Corporation, 2017b), while the fiber
layer has been modeled using a hollow, isoparametric 4-node
membrane reinforced with rebars (element 147 in Marc
(MSC.Software 2017b). A  “touch” type
contact between the bearing and the upper and lower

Corporation,

surfaces has been modeled, allowing the bearing to detach
from the supports during roll-over to reproduce the

frontiersin.org
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FIGURE 2
Example of FEM used in the parametric FEA.

10.3389/fbuil.2022.1056187

MSC,

Software

A ;/,Lj =0% B 7/,‘3 =50% C 7/,‘3 =100%
35 % 35 % 35 %
0[] .*
30 % e 0 30 % 30 % A ° .
= 30 e =
25 % 45 25 % 25 % .
) * 60
~20% 490 ~20% ~20% .
e T i
Z15% Z15% Z15%
Py Py S *
10 % 10 % 10 % A
L ] *
e 2 °
5% Iy 5% iﬁﬂ 5 % ﬁigﬁ:‘
e 82 200 I
0o s iaee o 0% Mt FYVIRN 0% TMibaalsa o,
0 5 10 15 20 5 10 20 5 10 15 20
S1 St S1
D y;,=0% E 7 =50% F oy, =100%
35 % 35 % 35 %
o
L]
30 % 30 % 30 %] %
L
25 % 25 % 25 %1
~20% ~20% ~20 %1
?35 > =T
Z15% Z15% Z15%
S P S *
10 % 10 % 10 %
[ ] *
[] *
5% 5%{ g A * 5% ‘5‘: 2" * x
. "i¥ A x A x A * .i;r A N A * A * §‘; x A L A N A
' * *
0 9 | = ‘I\"i§§l 4 % 0% )r‘s‘ﬁ’%g;&l 4 0% »mli’i’n; L %
0 5 10 15 0 5 10 15 0 5 10 15
Sy Sy Sy
FIGURE 3

Trends of the ratio between vertical displacements and total height with the primary and secondary shape factor.

Frontiers in Built Environment 04 frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2022.1056187

Galano 10.3389/fbuil.2022.1056187

A 9=0°y, =50% B 9=0°7, =100%

1.7 w00 "
14.10 s

10.44 st

Gt/ 19.68

an 954

055 059

422 -10.72

788 20,85
1185 30,99
-15.21 L1z

-18.88 5125

C 9=30%7,=50% D 9=30°7, =100%

o 41.16
13.03 28t
e 24,47
624
284
056
3.9
736
10.76 2559
14.16 3393
17.56 4227

E 9=45°y,=50% F 9=45° 7, =100%

16.99 ' 34,89
13.48 27.80
5.97 2072
6.45

1110 2178
-14.61 28,86

18,12 -35.95

FIGURE 4
(Continued).
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(Continue). Vertical displacements of a sample bearing at y}, = 50% (Figures 3A,C,E,G,I) and y}, = 100% (Figures 3B,D,F,H.,J).

unbonded condition. The supports are modeled as load-
controlled rigid surfaces, while the bearings as deformable
body. Based on the finite elements assigned to a contact body,
the program will automatically set up the outer boundary of
the deformable bodies. Also, the nonpenetration constraints
are enforced using augmented Lagrangians.

Figure 2 shows a generic FEM used in the parametric FEA.
Additional information on the mesh size can be found in (Galano
et al., 2021).

3 Results of the numerical analyses

In the following sections, vertical displacements, vertical
stiffness and effective compressive modulus of each U-FREI of
the set are studied. The influence of the main geometric
parameters, namely the primary and secondary shape factors
are highlighted.
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3.1 Vertical displacements

Figure 3 shows the trends of the dimensionless ratio between
vertical displacements and total height of the bearing (8, (y?{)/H )
with the primary (Figures 3A-C) and secondary shape factors
(Figures 3D-F) at three significant levels of shear strain: 1) y7; =
0% (i.e. pure compression, Figures 3A,D), 2) y% = 50% (Figures
3B,E) and 3) y¥, = 100% (Figures 3C,F). In Figure 4, the deformed
configurations with contour plots of the vertical displacements, of a
bearing with S; = 20 and S, (0°,...,90°) = (4.2,4.8,5.9,4.8,4.2)
are illustrated for the shear strain thresholds of y¥; = 50% (Figures
4A,CEG,I) and y?{ =100% (Figures 4B,D,F,H,)).

As expected, the vertical deformation decreases with
increasing values of the primary shape factor (Figures 3A-C);
an approximately exponential decreasing trends is found. The
effect of the shear strain and of the horizontal loading direction
can be seen comparing Figures 3A-C. The contact area between
bearing and supports reduces with increasing shear strain, thus

frontiersin.org
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FIGURE 5
Trends of the vertical stiffness with the primary and secondary shape factor.
the vertical deformations increase accordingly. A higher increase 3.2 Vertical stiffness
is related to the smaller base side of the rectangular bearing
(9 <45°), i.e. smaller primary shape factor; for larger values of the The vertical stiffness as a function of the horizontal
primary shape factor (ie. S;>15) the effect of the horizontal deformation of each U-FREI is defined as:
loading direction is negligible.
The vertical deformation appears to be slightly affected by the K (yS ) _ E, )
v\/H 9\
secondary shape factor (Figures 3D-F) when yJ <50%, as &, (vh)

scattered values of vertical deformations in the range 0%-5%
are obtained for the same values of SJ. When y}, >50% the
vertical deformation appears to decrease with an exponential
trend, similar to the trend of (51,()/1'?1)/H with S;. This confirms
how the secondary shape factor plays a key role on the horizontal
rather than vertical deformation of the U-FREL Larger values of S
ensue stable bearings, thus according to Figure 3F, the vertical
deformation tends to increase solely when S, < 2.5. Such threshold
value matches what previously found on the stability of U-FREIs
both on the vertical and horizontal response (Galano et al., 2021b;
Galano et al., 2021; Galano, 2022).
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The trends of Kv(yil) with the primary and secondary
shape factors are plotted in Figure 5. Similar to vertical
deformations, the vertical stiffness appears to be greatly
affected by the primary shape factor (Figures 5A-C), while
SY plays a minor role (Figures 5D-F).

For increasing values of shear strain, the vertical
deformation increases accordingly (see Section 3.1) and
from Eq. 2 the vertical stiffness reduces. However, the
coupled horizontal response of both base sides due to
bidirectional shear loads may lead to a slightly increase of

frontiersin.org
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FIGURE 6

Trends of the effective compressive modulus with the primary and secondary shape factor.

the vertical stiffness when S;>15 (Figure 5C). Marked
reductions of the vertical stiffness with the shear strain
are obtained from the FEMs solely when §;<10
(Figures 5B,C).

3.3 Effective compressive modulus

Starting from Eq. 2, the effective compressive modulus as a
function of the horizontal deformation can be obtained as:

F,-t,

= . 3
5.0 A ©)

Figure 6 shows the trends of Ec(y?q) with §; and Sg. The
effective compressive modulus appears to depend on the primary
shape factor with an increasing linear trend (Figure 6A). With
increasing values of the shear strain Ec(y%) generally reduces
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(see Eq. 3). The horizontal loading directions appears to affect the
effective compressive modulus as greater decrease is related to
U-FREI loaded along the smaller base side (ie. 9<30°,
Figure 6C).

Here again, the secondary shape factor plays a minor role
when y¥, <50% (Figures 6D,E). When p}, > 50%, smaller values
of Sg (ie. $Y<2.5) correspond to larger reduction of Ec(y‘z,),
while increasing values of the secondary shape factor leads to
stable bearings with E.(yY) almost independent on the
horizontal deformation (Figure 6F).

3.4 Combined influence of primary and
secondary shape factors
The trends of vertical deformation, vertical stiffness and

effective compressive modulus with both primary and
secondary shape factors are illustrated in Figure 7. This figure
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FIGURE 7
Trends of the vertical deformation, vertical stiffness and effective compressive modulus with both primary and secondary shape factors.

shows how the shape factors affect the whole vertical response of The surface fitting on the vertical deformation shows the
the U-FREIs under combined axial and multi-directional shear influence of the shape factors with the shear strain. Under
loads. In each plot of Figure 7, data fitting with regression pure compression the vertical deformation slightly depends
surfaces are also proposed. on 8§ and is greatly affected by S, (Figure 7A), while at larger
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TABLE 3 Percentage reductions of the vertical stiffness with the shear strain in the different horizontal loading directions for bearings with variable

primary shape factors.

Sl Sg K‘\;HZO KxHZSO% 1- K‘\;H KXHZ]OO% 1- Kx*‘:lOO%/K“,'“:o
[-] [-] [KN/mm] [KN/mm] [%] [KN/mm] [%]
9=0° 3.33 2.04 71 60 15.8% 45 36.3%
4.00 2.04 166 138 17.2% 102 38.6%
5.00 2.04 124 103 17.1% 77 37.9%
6.67 2.04 326 264 19.0% 192 41.0%
7.50 2.04 533 429 19.5% 312 41.4%
8.00 2.09 448 365 18.6% 249 44.5%
10.00 2.09 299 253 15.6% 187 37.4%
13.33 2.09 725 609 16.0% 448 38.1%
9 =30° 333 2.36 71 60 15.3% 48 32.4%
4.00 2.36 166 140 15.7% 111 33.4%
5.00 2.36 124 100 19.1% 75 39.4%
6.67 2.36 326 268 17.7% 210 35.8%
7.50 2.36 533 440 17.4% 347 34.8%
8.00 241 448 371 17.1% 285 36.4%
10.00 242 299 246 17.9% 187 37.6%
13.33 242 725 618 14.7% 508 29.9%
9 =45° 3.33 2.88 71 62 13.2% 51 28.8%
4.00 2.88 166 145 13.0% 120 28.1%
5.00 2.89 124 100 19.4% 75 39.8%
6.67 2.89 326 276 15.4% 227 30.4%
7.50 2.89 533 458 14.0% 385 27.8%
8.00 2.96 448 388 13.3% 335 25.2%
10.00 2.96 299 246 17.7% 189 36.7%
13.33 2.96 725 630 13.0% 560 22.7%
9 =60° 5.00 4.71 255 236 7.50% 219 14.0%
6.67 4.72 326 287 12.0% 252 22.6%
7.69 4.72 473 425 10.2% 394 16.8%
6.67 4.83 195 173 11.4% 152 22.3%
8.57 4.83 396 366 7.36% 353 10.8%
10.91 4.84 463 397 14.1% 332 28.3%
13.33 4.84 725 650 10.3% 599 17.3%
15.38 4.84 991 908 8.42% 870 12.2%
9 =90° 4.00 4.09 82 77 5.32% 72 11.4%
5.45 4.09 191 180 5.82% 167 12.5%
7.69 4.09 473 447 5.40% 416 12.1%
6.67 4.18 195 185 4.94% 174 10.7%
8.57 4.18 396 377 4.75% 353 10.7%
11.11 4.18 827 791 4.28% 742 10.3%
10.91 4.19 463 438 5.29% 414 10.5%
13.33 4.19 725 687 5.20% 651 10.1%
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TABLE 4 Percentage reductions of the vertical stiffness with the shear strain in the different horizontal loading directions for bearings with variable

secondary shape factors.

Sl Sg K‘\;HZO K‘Y,HZSO% 1- K“,'sto%/KX":o K‘\!HZIOO% 1- Kx*‘:lOO%/K“,'“:o
[-] [-] [KN/mm] [KN/mm] [%] [KN/mm] [%]
9=0° 3.33 1.02 35 19 45.1% 5 85.9%
4.29 1.53 76 57 25.7% 32 57.5%
3.33 2.04 71 60 15.8% 45 36.3%
5.56 2.56 174 152 12.2% 127 26.6%
4.29 3.06 156 140 10.1% 124 20.6%
5.00 4.08 255 238 6.43% 222 12.9%
5.56 5.10 359 343 4.22% 325 9.3%
11.1 522 827 801 3.12% 774 6.4%
9 = 30° 3.33 1.18 35 25 27.8% 5 85.0%
4.29 1.77 76 57 25.1% 35 53.5%
3.33 2.36 71 60 15.3% 48 32.4%
5.56 2.95 174 146 16.0% 118 32.3%
4.29 3.53 156 140 10.3% 125 20.0%
5.00 4.71 255 236 7.50% 219 14.0%
5.56 5.89 359 336 6.26% 321 10.5%
11.1 6.03 827 787 4.84% 808 2.29%
9 = 45° 3.33 1.45 35 23 33.4% 5 84.3%
429 2.17 76 58 23.4% 39 48.9%
3.33 2.88 71 62 13.2% 51 28.8%
5.56 3.61 174 143 17.5% 112 35.3%
4.29 4.33 156 140 10.0% 126 19.5%
5.00 5.77 255 234 8.17% 218 14.3%
5.56 7.21 359 333 7.19% 315 12.1%
11.1 7.39 827 785 5.02% 802 3.00%
9 = 60° 3.33 2.36 35 26 25.7% 13 63.0%
10.0 2.42 299 246 17.9% 186 37.9%
4.00 4.72 82 64 22.3% 38 53.4%
4.29 7.08 129 101 21.5% 64 50.7%
15.0 7.26 1,155 1,056 8.55% 1,024 11.4%
8.00 9.65 448 408 8.86% 373 16.8%
7.50 14.1 1,118 1,074 4.00% 1,065 4.82%
12.0 14.5 1,504 1,445 3.96% 1,488 1.08%
9 =90° 3.33 2.04 35 30 13.4% 24 31.4%
10.0 2.09 299 254 15.1% 192 35.9%
4.00 4.09 82 77 5.32% 72 11.4%
429 6.13 129 125 3.18% 121 6.39%
15.0 6.28 1,155 1,121 2.89% 1,090 5.61%
8.00 8.36 448 441 1.51% 431 3.77%
7.50 12.2 1,118 1,107 1.01% 1,058 5.36%
12.0 12.5 1,504 1,497 0.481% 1,485 1.26%
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horizontal deformation the influence of S is greater
(Figures 7B,C).

Both the vertical stiffness and the effective compressive
modulus assume negative values as S; tends to zero, as
expected, almost independent on the corresponding values of
SJ (Figures 7D,G). These two parameters largely increase when S;
range from 10 to 20. The influence of SJ is relevant solely when
Y, >50% (Figures 7E,D).

3.5 Percentage reduction of the vertical
stiffness with the shear strain

Tables 3, 4 report the percentage reductions of the vertical
stiffness with increasing shear strains, in the different horizontal
loading directions. In Table 3 the influence of the primary shape
factor is highlighted, considering U-FREIs with increasing values
of §; and an almost constant SY, while in Table 4 variable values
of the secondary shape factors in the horizontal displacement
directions are considered.

From Table 3 it can be seen how the percentage reductions of
K,,(y%) in the generic horizontal loading direction are almost
independent on the primary shape factor. Average reductions of
the order of 17.4%, 16.9%, 14.9%, 10.2% and 5.12% for y,; = 50%
and of the order of 39.4%, 35.0%, 29.9%, 18.0% and 11.0% for
Yy = 100% are obtained for 9 = 0°, § = 30°, 9 = 45°, 9 = 60° and
9 = 909, respectively. These values prove how greater reductions
of the vertical stiffness can be expected when the U-FREI is
loaded along the smaller base side, regardless of the value of S;. In
other words, the main influence on Kv(y%) is related to the
secondary shape factor in the horizontal displacement direction.
This concept is illustrated in Table 4 in numerical terms. This
table shows how, when the bearing is loaded in a generic
horizontal direction, the vertical stiffness always reduces with
the shear strain according to the secondary shape factor in the
same horizontal direction. It is worth mentioning how great
percentage reductions of K, (y,) are obtained when SJ<2.5,
while the little reductions of the same parameter are obtained for
89> 3.

4 Conclusion

In this paper, the vertical response of unbonded fiber
reinforced elastomeric isolators subjected to axial and multi-
directional shear loading was studied through finite element
analyses. A large set of bearings with different base area, total
height and thickness of elastomeric layers were studied under
a constant value of the vertical pressure and horizontal
loading in five different directions.

The results of the finite element models were proposed in
terms of vertical deformation, vertical stiffness and effective
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compressive modulus. The trends of these three parameters
with the primary and secondary shape factors were given at
different levels of shear strain and for each of the horizontal
loading directions.

The vertical response of the U-FREIs was found to be
greatly affected by the primary shape factor either when the
bearing is subjected to pure compression or to axial and
multi-directional shear loads. The secondary shape factor
affects the vertical response of the bearing at large horizontal
deformations, while plays a minor role at relatively small
shear strain thresholds. However, when Sg >2.5 the bearings
are stables and the vertical response is slightly dependent on
the shear strain.

Finally, the combined influence of the primary and
secondary shape factors on the vertical deformation,
vertical stiffness and effective compressive modulus was
studied using surface fitting of the results of the finite
element analyses. In the range of primary and secondary
shape factors of the set of numerical models, the trends at
different shear strain thresholds and for the five different
horizontal loading directions were proposed.

This works reports preliminary results on the vertical
response of U-FREIs under vertical and multi-directional
horizontal loads. Further developments include multiple
values of the vertical pressure and of the shear modulus of the
rubber (including reclaimed rubber compounds (Losanno et al.,
2020; Cilento et al.,, 2022), as well as different shape of the
bearings. Also, additional FEAs on elastomeric bearings needs to
be carried out implementing different material models for the
elastomer, including viscoelasticity, or compared with results
obtained using phenomenological approaches (Vaiana et al,
2019; Vaiana and Rosati, 2023).
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