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Abstract 

Seismic isolation represents a very effective strategy for the reduction of the structural vulner-
ability of buildings and bridges. The isolator technologies available in the common practice 
can easily lead to a significant limitation of the base shear of the system, with resulting lower 
internal forces for all structural members. Simultaneously, large displacement demands can be 
accommodated by isolators, even when the damping characteristics are not so relevant. How-
ever, depending on the size of the structure and on the seismic hazard of the construction site, 
the design of rubber bearing devices can lead to hybrid systems, and a number of flat sliders 
have to be adopted, and in some cases few isolators can be found. An increased number of 
isolators could be obtained, if additional energy dissipation devices are properly designed, in 
order to obtain a better definition of the isolation system. In this research work a simplified 
design procedure for energy dissipation devices is presented, when additional damping is 
needed for seismically isolated structural systems. Results of the presented procedure have been 
numerically validated through Non- Linear Time History Analyses, and the single-event and 
the mean responses have been compared to the target design values.  

Keywords: Fluid Viscous Dampers, Seismic Isolation, Rubber Bearings, Non-Linear Time 
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1 INTRODUCTION 
The presented research aims at providing a fast design procedure for seismic isolation systems, 
based on elastomeric bearings and fluid viscous dampers. Rubber isolators represent the easiest 
solution for seismic risk mitigation, with simple modeling assumptions and significant recen-
tering behaviors ([1], [5], [9]). On the other hand a limited energy dissipation capacity is met, 
in comparison to other available technologies ([7] , [8] , [11] , [14] , [15]), and possible adoption 
of additional flat sliders is needed ([9]), in order to cover all the structural bearing points.  
A detailed design procedure is presented, which allows to return both geometrical and mechan-
ical characteristics of the isolation and energy dissipation devices. Through very few steps, 
practitioners and researchers are able to design the isolation system, by providing the proper 
protection to the superstructure, thanks to some simplifications which provide approximated 
results, significantly close to the exact solution. The proposed procedure has also been validated 
by means of Non-Linear Time History Analyses, performed on a case study structure. 

2 CASE STUDY STRUCTURE 
In Figure 1 the case study structure used to validate the proposed design procedure is shown. 

Figure 1: Case study structure. 

The building consists of a 6 storey frame structure, with reinforced concrete beams and columns. 
The plan dimensions are approximately 20m along the x direction and 10m along the y direction, 
with a total height of 19m ([2]). The total mass of the whole structural system is equal to 
2040ton: such a value has been used for the application of the proposed fast design procedure, 
described as follows. 

3 FAST DESIGN PROCEDURE 
The overall procedure have been defined through few steps, which are characterized by very 
simple assumptions ([12]). Initially, the considered case study structure is assumed to be 
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characterized by a specific “Performance Point” for the isolation system, which is univocally 
determined by two important parameters:  

• The Design Period Td, in terms of secant period at maximum displacement.

• The Design Equivalent Viscous Damping of the isolation systems ξd, which is a function
of the dissipation capability of the adopted devices.

The definition of such a performance point can be considered, since the overall base-isolated 
structural system can be approximated to a condensed equivalent Single Degree of Freedom 
(SDOF) oscillator and reasonable comparisons between the two systems can be found, even 
though the adopted devices are characterized by a non-linear and hysteretic force response. 
Generally, standard codes worldwide allow designers to model non-linear devices through lin-
ear modeling approaches under specific conditions, depending on the energy dissipation capac-
ity and the force response characteristics of the devices ([3], [16]). Nonetheless, for initial 
design purposes, the behavior of an equivalent SDOF oscillator provides fairly good estimate 
of the global behavior of the base-isolated structure. Hence, given the seismic hazard of the 
considered construction site, in terms of displacement and acceleration response spectra, the 
performance point is univocally computed, as displacement demand and peak normalized force 
response respectively (normalized with respect to the total mass of the overall system).  
Since a seismic isolation system based on Rubber Bearings and Fluid Viscous Dampers is con-
sidered in this work, the elastomeric isolators will be associated to a low stiffness level of the 
structure, able to lead to the proper period shift of the structure, whereas damping devices will 
be responsible of the whole energy dissipation capability. In other words, the total energy dis-
sipation will be addressed to Fluid Viscous Dampers only, and the limited contribution related 
to the rubber compound characteristics will be neglected. 
Similarly to the design procedure of purely elastomeric-based isolation systems, the first step 
is the computation of the height of the device his, thanks to the assumption of the design shear 
strain of the rubber isolator γd, which is generally considered equal to 100%. Thus, given the 
displacement demand Dd, represented by the spectral displacement Sd(Td,ξd) at the design pe-
riod, by accounting for the design equivalent damping ratio: 

ℎ!" =
𝑆𝑑(𝑇# , 𝜉#)

𝛾#
=
𝐷#
𝛾#

(1) 

It has to be noted that the numerical value of the adopted equivalent viscous damping ratio is 
no longer addressed to the characteristics of the rubber compound (from 5% to 10% for LDRB  
and from 10% up to 15% for HDRB): since the energy dissipation is provided by ad hoc de-
signed Fluid Viscous Dampers, a much larger Equivalent Viscous Damping ratio can be con-
sidered. More specifically, values bounded between 20% and 30% can be feasible, thus 
comparable to LRB and CSS isolation systems, which are characterized by significant hyster-
etic behaviors.  
Consequently, for the computation of the horizontal sizes of the device, the diameter of the plan 
section Φr can be obtained by scaling the design displacement demand by a proper scale factor, 
in order to avoid buckling phenomena when the maximum shear strain is achieved, and to guar-
antee the proper vertical bearing capacity of the devices; numerical simulations have shown 
that a multiplication factor equal to 2.0 generally leads to correct definitions of both the shape 
factors S1 and S2 [2]. Therefore, the following equation is obtained: 
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Φ$ ≈ 2 ∙ 𝐷# (2) 

 
Once the geometrical characteristics of the elastomeric isolators have been computed, the lateral 
stiffness of the single device kis can be computed, by considering that all the bearing points of 
the system are provided with elastomeric isolators: consequently, the single-device stiffness is 
equal to the ratio between the global isolation stiffness and the number of bearing points. Then, 
the shear modulus Gr of the elastomeric compound can be computed, as a function of the bear-
ing’s sizes (height his and rubber area section Ar) and the single-device stiffness. 
 

𝑘!" =
𝐺$ ∙ 𝐴$
ℎ!"

=
𝐾%"!
𝑛!"

 (3) 

  

𝐺$ =
𝐾%"! ∙ ℎ!"
𝐴$ ∙ 𝑛!"

 (4) 

 
Thus, since the energy dissipation has to be addressed to Fluid Viscous Damper devices only, 
the analytical expression of the Energy Dissipated per Cycle (EDC) has to be obtained, by con-
sidering a fully reversed symmetric cycle C, as ruled by the Jacobsen’s formulation of the 
equivalent viscous damping. To this aim, a sinusoidal displacement time series is considered, 
with a given frequency value f. Consequently, the expressions of the velocity and the Fluid 
Viscous Dampers force response time series can be obtained. 
 
𝐷(𝑡) = 𝐷# ∙ sin(2𝜋𝑓𝑡) (5) 

  

𝑉(𝑡) = 2𝜋𝑓𝐷# ∙ cos(2𝜋𝑓𝑡) = 𝑉# ∙ cos(2𝜋𝑓𝑡) (6) 

  

𝐹&'((𝑡) = 𝑠𝑖𝑔𝑛B𝑉(𝑡)C ∙ 𝐶 ∙ |𝑉(𝑡)|) (7) 

 
Hence, the Energy Dissipated per Cycle can be computed as the integral of the force-displace-
ment hysteretic loop, related to the Fluid Viscous Dampers only. Then, since the hysteretic 
shape of the loop is symmetric along both the horizontal and vertical axes, the expression can 
be simplified by considering four times the force-displacement integral of a quarter of cycle 
C/4. Then, the integral can be expressed within the time domain, as reported in Eq(10). 
 

𝐸𝐷𝐶 = G 𝐹&'( ∙ 𝑑𝑢*
+

= G 𝑠𝑖𝑔𝑛B𝑉(𝑡)C ∙ 𝐶 ∙ |𝑉(𝑡)|) ∙ 𝑑𝑢*
+

 (8) 

  

𝐸𝐷𝐶 = 4 ∙ G 𝐶 ∙ 𝑉(𝑡)) ∙ 𝑑𝑢*
+/-

= 4 ∙ G 𝐶 ∙ 𝑉(𝑡)) ∙ 2𝜋𝑓𝐷# ∙ cos(2𝜋𝑓𝑡)
+/-

∙ 𝑑𝑡 (9) 
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𝐸𝐷𝐶 = 4 ∙ G 𝐶 ∙ 𝑉#) ∙ cos)(2𝜋𝑓𝑡) ∙ 𝑉# ∙ cos(2𝜋𝑓𝑡)

./-/	

*

∙ 𝑑𝑡 (10) 

In order to consider a dimensionless parameter, for an easier formulation, the EDC expression 
has been divided by the maximum displacement of the cycle and the peak design force of the 
whole set of Fluid Viscous Dampers. Thus, a normalized Energy 𝜀&'( has been obtained. 

𝜀&'( =
𝐸𝐷𝐶

𝐷# ∙ 𝐶 ∙ 𝑉#)
= 8𝜋𝑓 ∙ G cos)1.(2𝜋𝑓𝑡)

./-/

*

∙ 𝑑𝑡 (11) 

The last equation can be solved numerically, by varying the numerical value of the velocity 
exponent 𝛼, which is a design parameter to be assumed, by considering the available technology 
of damping devices. It has to be noted that 𝛼 assumed values between 0.0 and 1.0, since Fluid 
Viscous Dampers are considered in this study (for values higher than 1.0 devices behave as 
Shock Transmission Units - STU). In Figure 2 numerical results of the aforementioned integral 
are shown. Numerical simulations have shown that the normalized energy is not affected by the 
numerical value of the frequency of motion. 

Figure 2: Dependency of the Normalized Energy on the Velocity Exponent. 

The graphical trend of the numerical integral shows an approximately linear behavior between 
the normalized energy and the velocity exponent. In addition, the starting and ending values of 
the graph represent specific configurations: namely, 𝛼 = 0 represents a pure frictional behavior, 
characterized by a rectangular hysteresis shape; on the other hand, 𝛼 = 1 represents an ideal 
linear dashpot, characterized by an elliptical hysteresis shape, as shown in Figure 3.  
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Figure 3: Dependency of the Hysteretic Shape Variability on the Velocity Exponent. 

Consequently, the correspondent values of normalized energy at the boundaries of the consid-
ered velocity exponent range, 𝜀&'( = 4 and 𝜀&'( = 𝜋, respectively for 𝛼 = 0 and 𝛼 = 1. 
Thus, if an approximated linear trend is considered for the normalized energy, the following 
expression can be obtained for the Energy Dissipated per Cycle: 

𝐸𝐷𝐶 = 𝜀&'( ∙ 𝐷# ∙ 𝐶 ∙ 𝑉#) ≈ [4 − 𝛼 ∙ (4 − 𝜋)] ∙ 𝐷# ∙ 𝐶 ∙ 𝑉#) (12) 

At this stage, the final aim is represented by the computation of the total damping coefficient, 
which has to be equally smeared on the implemented Fluid Viscous Dampers. To do so, the 
expression of the EDC is substituted within the Jacobsen’s formulation of the equivalent vis-
cous damping ratio, as follows: 

𝜉# =
𝐸𝐷𝐶

2𝜋 ∙ 𝐷# ∙ 𝐹234
=
𝜀&'( ∙ 𝐷# ∙ 𝐶 ∙ 𝑉#)

2𝜋 ∙ 𝐷# ∙ 𝐹234
=
𝜀&'( ∙ 𝐶 ∙ 𝑉#)

2𝜋 ∙ 𝐹234
 (13) 

Being the maximum force the peak force response of all the elastomeric isolators (in terms of 
product between the global stiffness and the design displacement), the total damping coeffi-
cient of the whole set of Fluid Viscous Dampers can be obtained, as a function of the initially 
assumed equivalent viscous damping ratio. 

𝐶 =
2𝜋 ∙ 𝐹234 ∙ 𝜉#
𝜀&'( ∙ 𝑉#)

 (14) 

Finally, such a parameter can be equally divided by the number of Fluid Viscous Dampers, in 
order to obtain the single-device damping coefficient 𝐶!"#. 
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4 DYNAMIC SYSTEM AND SEISMIC INPUT 
The proposed design procedure has been applied to the case study structure, by considering the 
seismic hazard of L’Aquila city in Italy, correspondent to Collapse Limit State (5% probability 
of exceedance in 50 years, with a resulting return period of 975 years) soil classification C and 
topographic category T1. Results have been compared to the outcomes of Non-Linear Time 
History Analyses, performed by applying a suite of seven spectrum compatible ground motion 
time series ([13]), as shown in Figure 4. 

Figure 4: Spectrum Compatibility of the selected Ground Motion recordings. 

In Table 1 and Table 2 the obtained design parameters are summarized for both elastomeric 
isolators and fluid viscous dampers. 

Table 1. Characteristics of the designed elastomeric isolators 

𝑇$	[𝑠] 𝜉$	[%] 𝐷$	[𝑚] 𝛾$	[%] ℎ%&	[𝑚𝑚] Φ'	[𝑚𝑚] 𝐺'	[𝑀𝑃𝑎] 

3.5 27.6 0.210 100 210 421 0.4 

Table 2. Characteristics of the designed damping devices 

𝑉$	[𝑚𝑚/𝑠] 𝛼	[#] 𝐶	[𝑘𝑁𝑠(/𝑚(] 𝑛!"#	[#] 𝐶!"#	[𝑘𝑁𝑠(/𝑚(] 

0.378 0.4 967.4 4 241.9 
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In order to perform NLTHA, the full 3D finite element model of the structural system has been 
statically condensed into a Multi Degree of Freedom oscillator, characterized by the same dy-
namic properties, in terms of modal shapes and vibration period values for the fixed-base con-
figuration, by implementing the proper non-linear hysteretic force response at the isolation level 
([6]). 
 
 
5 RESULTS 
In what follows results of the NLTHA are presented, for both the single-event and the mean 
responses. More specifically, special attention has been focused on the peak isolation displace-
ment and velocity (Figure 5 and Figure 5), the building base shear (Figure 7) and the building 
interstorey drift (Figure 8). 

  
Figure 5: Results: peak isolation displacement. 

Displacement results show that the proposed design procedure for isolation systems equipped 
with elastomeric bearings and fluid viscous dampers provides a good solution for the evaluation 
of the mechanical and geometrical properties of the devices, not only for the average response, 
but also for the single-event cases. 

  
Figure 6: Results: peak isolation velocity. 
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For what concerns the peak velocity response, it can be noted that NLTHA values are signifi-
cantly higher, in comparison to the design target value, corresponding to the spectral coordinate 
of the velocity response spectrum, not only form a single-event standpoint, but also looking to 
the average response. Variations can be considered within a range bounded between +50% and 
+100%, with respect to the design target value. Nonetheless, the aforementioned good agree-
ment between the average and the design displacement demands has been found. The main 
reason of such an aspect can be addressed to the constitutive law for Fluid Viscous Damping 
deices, which considers a slightly higher damping force, as a consequence of a significant in-
crease of the global velocity.  

Figure 7: Results: peak building base shear. 

Figure 8: Results: peak inter-storey drift profiles. 
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Thus, the adopted design procedure leads to a safe evaluation of the target velocity demand of 
the system, which is consequently underestimated, and then leads to an underdamped solution. 
Finally results have been analyzed relatively to the effective protection of the superstructure, in 
terms of base shear and interstorey drift. From both the base shear and interstorey drift re-
sponses the superstructure looks significantly protected by the designed isolation system, 
equipped with fluid viscous dampers, with single-event and average values close to 50% and 
60% of the elastic range target values. 

6 CONCLUDING REMARKS  
In this work a fast design procedure is presented, able to return geometrical and mechanical 
properties for a seismic isolation system, based on rubber bearings and fluid viscous dampers. 
The proposed procedure has also been validated, by considering a case study structure, which 
has been analyzed though NLTHA.  
Results have shown the followings: 

• The proper design of fluid viscous damping devices allows to consider all bearing points
equipped with rubber bearings, and no flat sliders have to be adopted;

• The combination of elastomeric bearings and fluid viscous dampers leads to perfor-
mance points which are characterized by higher design period, and significantly in-
creased ranges for the equivalent viscous damping ratio, comparable to highly non-
linear isolation systems;

• Results of NLTHA have shown a very good agreement with respect to both the single
event and the average peak displacement response, with a significant protection of the
superstructure, in terms of both building base shear and interstorey drift values;

• The peak velocity response returned by NLTHA is significantly higher than the corre-
sponding design value, which is computed as the spectral velocity coordinate, which
then represents a safe estimation of the damping conditions of the system.

Results should be further investigated, by considering different values of velocity exponent for 
design, together with possible issues related to vertical buckling of the elastomeric bearings, 
installed at the internal bearing points of the system, which are expected to be subjected to the 
highest values of vertical load. 
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