
1 INTRODUCTION 
 
Mechanical characterization of a system or a device can be performed experimentally or via 
numerical simulation. The former approach is more costly than the later one, but helps getting 
physical understanding of the system and therefore it can be employed for final verification. In 
contrast, numerical simulation uses numerical methods, such as finite element method (FEM), to 
quantitatively represent the evolution of a physical system. By using accurate models, the result 
of such simulation can have a good representation of the real environment. This enables safe 
drawing of proper conclusions and getting a reasonable understanding of the system. 
 
    Among the available systems that utilize numerical simulation for performance assessment 
are the seismic isolation devices. These isolation systems are meant to enable a building or a 
non-building structure to survive a potentially devastating seismic impact by decoupling them 
from the damaging components of the earthquake input motion. Tsai (1995) and (1997) exam-
ined the performance of the friction-pendulum system using an advanced analytical model and 
finite element formulation. Morman et al. (1981) studied the primary and secondary stiffness 
values of viscoelastic isolators, based on geometry changes, using finite element analysis. 
Mutobe and Cooper (1999) used nonlinear analysis to account for the friction pendulum sys-
tem's inherent nonlinear behavior through the implementation of  ADINA finite element soft-
ware by ADINA R & D, Inc. (2011). The behavior of natural rubber earthquake isolation bear-
ings was modeled in finite element analysis using a low-order strain energy density function by 
Jerrams et al. (2001). A seismic isolation system called the direction-optimized friction-
pendulum system was proposed and investigated to determine its mechanical behavior through 
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finite element formulation by Tsai et al. 
(2008). Another proposed isolation sys-
tem consists of high damping rubber 
bearings strengthened with glass fibre 
fabrics was studied by Mordini and 
Strauss (2008) and a wide parametric 
numerical investigation through finite el-
ement analysis was carried out in order to 
develop and verify analytical models for 
that isolation device. 
 
    In this paper, the mechanical character-
ization of a recently proposed seismic 
isolation device called roll-n-cage (RNC) 
isolator, Ismail et al. (2008) and (2009), 
is performed by means of numerical sim-
ulation using an available finite element 
software. The RNC isolator provides in a 
single unit all the necessary functions of rigid support, horizontal flexibility with enhanced sta-
bility and energy dissipation characteristics. 

                        Figure 1 : The 1/10 reduced Scale RNC isolator. 

2 BEARING DESIGN 
 
Three different configurations of a 1/10 reduced scale prototype of the RNC isolator are de-
signed based on the maximum allowed shear displacement. These prototypes are to be used for 
experimental mechanical characterization of the RNC isolator, in addition to the experimental 
assessment of its efficiency through implementation into building and equipment isolation. The 
RNC isolator is composed of deformable and non-deformable components. The non-deformable 
components are the upper and lower bearing plates, the rolling body and the horizontal ring 
holders of the metallic yield dampers, Figure 1. The ring holders are made of steel while two 
copies of the other non-deformable components are fabricated using stiff aluminium and Delrin. 
Regarding the deformable components of the RNC isolator, they are the rubber plates and the 
vertical metallic yield dampers. Neoprene is selected for the rubber plates while several materi-
als are to be tried as dampers such as mild steel, lead, copper and aluminium alloys in order to 
select the damper material that render the RNC isolator the required characteristics. The manu-
facturing process was carried out with a minimum precision of 0.01mm. It was found that de-
signing and building small-scale prototype is a costly and time-consuming procedure. There-
fore, the numerical simulation was thought of as an alternative less expensive and less time-
consuming approach to realize the necessary understanding of the RNC isolator behavior along 
the different stages of its development. 

3 TYPES OF TESTS AND SIMULATION TOOL 
 
The performed basic type of test was a sinusoidal horizontal displacement, conducted at variable 
axial loads and for 3 cycles of loading at shear strain amplitudes of 5\%, 25\%, 50\%, 75\% and 
100\%. The basic test was performed at a number of different axial loads and also at different 
loading frequencies of 0.25, 0.50, 1.0, 2.0 and 4.0 Hz. More tests were performed to examine 
the performance of the built-in buffer mechanism of the RNC isolator and to study the behav-
iour of the metallic yield dampers under tensile loading.  
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    Using the nonlinear analysis 
software ADINA, numerical 
simulation and analysis were 
carried out in the aim of find-
ing the characteristics of the 
RNC isolator. That commer-
cial software was selected to 
benefit from its powerful solv-
er as the RNC isolator is high-
ly nonlinear. The nonlinear 
stress-strain behavior of the 
hyperelastic neoprene plates 
was described by the Ogden 
material model. The plastic 
behavior of the mild steel and 
lead bars was represented us-
ing the bilinear model with a 
kinematic strain hardening 
type. The remaining compo-
nents of the RNC isolator 
model were represented by 
isotropic linear model. 
 
                            Figure 2 : Shear force-displacement hysteresis loop 

4 TEST RESULTS 

The force-displacement relationship of the RNC isolator was found to be of hysteretic nature. 
Typical hysteresis loops obtained under sinusoidal shear displacement loading are presented in 
in Figure 2. The loops shown for the first configuration RNC prototype at shear strains of 5%, 
25%, 50%, 75%, 100% and at a loading frequency of 4 Hz. 
 
    The effective stiffness as damping ratio of the RNC isolator are plotted as a function of shear 
strain in Figures 3 and 4. Figure 3 demonstrates the variation of the effective stiffness consider-
ing three sets of mild steel dampers against shear strain amplitudes up to 100\% and at a loading 
frequency of 1.0 Hz. From the figure, it seems that the significant influence of changing the 
number of metallic yield dampers is limited to relatively small shear strains up to 30\%. This 
means that increasing or reducing the number of dampers mainly raises or lowers, respectively, 
the pre-yield elastic stiffness of RNC isolator which is the main source of resistance to minor 
vibrations. On the other 
hand, changing the number 
of metallic yield dampers 
does not affect the damping 
ratio of the RNC isolator at 
the same shear stain ampli-
tude. However, in Figure 4 
the damping ratio goes up 
rapidly to a relatively high 
value of 47\% and then re-
mains almost constant as 
the shear strain increases. 
This less-expensive higher 
damping ratio provided by 
the low-cost metallic yield 
dampers has the advantage 

Figure 3 : Effective stiffness vs. shear strain 
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of avoiding excessive bear-
ing displacements under 
strong ground motions and 
to quickly damp down the 
vibrations after the excita-
tion comes to an end. 
 
 
    The influence of vertical 
axial load variation on the 
mechanical characteristics 
of the RNC isolator was in-
vestigated by subjecting the 
RNC prototypes to axial 
loads followed by a sinus-
oidal horizontal displace-
ment for 3 cycles. The axial 
loads were applied in the 
form of vertical displace-
ment as percentages of 
0.0%, 50%, 100% and 
200% of the design vertical 
displacement at shear strain 
of 50\% and a loading fre-
quency of 2.0 Hz as shown 
in Figure 5. This figure 
shows that the case subject-
ed to zero axial load before 
horizontal shear displace-
ment, which is plotted in 
solid black line, has higher 
pre-yield elastic stiffness, 
while the rest of its behav-
ior is identical to all the 
other cases subjected to var-
iable vertical load before 
shear displacement as the 
hysteresis loops are coinci-
dent. This means that ex-
cept the pre-yield elastic 
stiffness, all the other mechanical characteristics of the RNC isolator remain unaffected, under 
the same loading conditions, by pre-vertical loading prior to horizontal shear displacement. 
 
    To investigate the influence of loading frequency on the effective stiffness and damping ratio 
of the RNC isolator, the prototypes were subjected to variable shear displacements at variable 
loading frequencies and the results are listed in Tables 1 and 2, respectively. At the same shear 
strain amplitude, both tables show that the effective stiffness and damping ratio of the RNC iso-
lator are unaffected by variable loading frequency. 
 
    A monotonic shear displacement up to 140% of shear strain was applied to the RNC isolator 
prototypes to examine the performance of the integrated buffer mechanism. This mechanism 
forces the RNC isolator to stop its horizontal motion stroke at a predetermined design displace-
ment limit to avoid excessive displacements under low-probability strong earthquakes as shown 
in Figure 6(b). The force-displacement relationship shown in Figure 6(a) was studied at two dif-
ferent positions: position A, Figure 6(c), where the rolling body becomes in just-in-touch posi-

Figure 4 : Damping vs. shear strain 

Figure 5 : Effect of axial loads on the force-
displacement relationship 
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tion with the neoprene plates that cover the inner faces of the vertical side walls of bearing 
plates; and position B, Figure 6(d), where the rubber plates are extremely deformed under com-
pression. Figure 6(a) show a smooth variation of the shear force against the normalized thick-
ness of neoprene plates. It was found that the rate of compressibility of the neoprene plates de-
creases under continuous application of compressive load. This develops a gradually increasing 
resistance to the applied shear displacement making the shear force to increase monotonically 
against a significantly decreasing shear displacement. 
 
 
 

Shear Variable loading frequency (Hz) 
strain (%) 0.25 0.50 1.0 2.0 4.0 

5% 18.610 18.608 18.610 18.611 18.610 
25% 0.4693 0.4693 0.4693 0.4693 0.4693 
50% 0.2524 0.2524 0.2524 0.2524 0.2524 
75% 0.1775 0.1775 0.1775 0.1775 0.1775 

100% 0.1391 0.1391 0.1391 0.1391 0.1391 
 
 
 
 

Shear Variable loading frequency (Hz) 
strain (%) 0.25 0.50 1.0 2.0 4.0 

5% 2.7718 2.7726 2.7718 2.7710 2.7716 
25% 42.7928 42.7928 42.7285 47.1809 47.2501 
50% 47.2598 47.2431 47.2444 47.1809 47.2501 
75% 47.7047 47.7047 47.7017 47.7223 47.7116 

100% 47.3897 47.3734 47.3734 47.3922 47.3922 
 
 
    The tensile capacity of the 
RNC isolator (if any) is provided 
by the slim bent metallic yield 
dampers. The RNC isolator pro-
totypes were subjected to a 
gradually increasing tension, at 
the same rate of loading of axial 
compression, until a separation 
between the upper bearing plate 
and the rolling body is detected. 
The resulting force-displacement 
curve was plotted against the 
case subjected to 1.50 design ax-
ial compression load considering 
two sets of dampers and their 
material in Figure 8. The figure 
show that the bearing resistance 
to tension is completely negligi-
ble. However, this does not rep-
resent a major drawback because 
only the shear type structures are 
valid for seismic isolation. This 

Table 1 : Effect of loading frequency on effective stiffness 

Table 2 : Effect of loading frequency on damping

Figure 6 : Ultimate shear displacement test result
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type of structures almost exhib-
its no overturning and, conse-
quently, the isolation bearings 
are not susceptible to tension. 

 

5 MODELING 

 
The restoring force displace-
ment relationship of the RNC 
isolator is hysteretic. Therefore, 
the versatile Bouc-Wen model, 
Wen (1976) and Ismail et al. 
(2009), of smooth hysteresis is 
used to provide a design formu-
la that can predict the hysteretic 
restoring force of the RNC iso-
lator. The standard form of the 
model is expressed as: 
 

                (1) 
 

         (2) 
 
where  is the displacement,  is an auxiliary variable,  is the isolator restoring 
force,  is the elastic force component,  denotes the time derivative, n > 1 is a parame-
ter that governs the smoothness of the transition from elastic to plastic response,  > 0 is the 
yield constant displacement, k > 0 and 0 <  < 1 represents the post to pre-yielding stiffness ra-
tio, while ,  and  are non-dimensional parameters that govern the shape and size of the hys-
teresis loop. By comparing the Bouc-Wen model output to the obtained force-displacement 
from ADINA finite element model, the model parameters were estimated. A constrained nonlin-
ear least-squares optimization algorithm was used to obtain the 7 model parameters in Eqs. (1) 
and (2). Then the identified parameters were validated under a scaled real random seismic exci-
tation (Kern Country earthquake, Taft Lincoln school tunnel, July 21, 1952). Both outputs of 
the mathematical Bouc-Wen model and the finite element model are plotted in Figure 8 using 
time and displacement scales considering the Kern earthquake. A close agreement between both 
outputs makes the hysteretic Bouc-Wen model an accurate replacement of the RNC isolator for 
further analytical studies. 

6 CONCLUSIONS 

The performed numerical studies in this paper lead to the following conclusions: 
 

1. The force-displacement relationship of the RNC isolator is of hysteretic nature. 
2. Changing the number of metallic yield dampers affects the effective stiffness at relative-

ly small shear strains but has no influence on the damping ratio at the same shear dis-
placement amplitude. 

 
3. The metallic yield dampers are a less-expensive source of a relatively higher damping 

ratio of the RNC isolator. 

Figure 7 : Ultimate compression-tension test 
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4. Only the pre-yield elastic stiffness of the RNC isolator is affected by the axial vertical 
loading, while all the other mechanical characteristics remain unchanged. 

5. The effective stiffness and damping ratio of the RNC isolator are independent to the 
loading frequency. 

6. The integrated buffer mechanism of the RNC isolator helps avoiding excessive bearing 
displacement under the low-probability strong earthquake. 

7. The neoprene plates within the integrated buffer mechanism allow for a gradual and 
smooth decrease of the shear displacement. 

8. The tensile resistance of the RNC isolator is completely negligible without representing 
a major drawback since only the shear-type structures, which exhibit no overturning 
failure, are valid for seismic isolation. 

9. The Bouc-Wen model of smooth hysteresis is an accurate replacement of the RNC isola-
tor for future analytical studies. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8 : Measured (FEM) restoring shear force vs. the predicted one by 
the mathematical Bouc-Wen model under a scaled real ground motion 
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