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Abstract.  Traditionally, multi-story buildings are designed to provide stiffer structural support to withstand 

lateral earthquake loading. Introducing flexible elements at the base of a structure and providing sufficient 

damping is an alternative way to mitigate seismic hazards. These features can be achieved with a device 

known as an isolator. This paper covers the design of base isolators for multi-story buildings in medium-risk 

seismicity regions and evaluates the structural responses of such isolators. The well-known tower building 

for police personnel built in Dhaka, Bangladesh by the Public Works Department (PWD) has been used as a 

case study to justify the viability of incorporating base isolators. The objective of this research was to 

establish a simplified model of the building that can be effectively used for dynamic analysis, to evaluate the 

structural status, and to suggest an alternative option to handle the lateral seismic load. A finite element 

model was incorporated to understand the structural responses. Rubber-steel bearing (RSB) isolators such as 

Lead rubber bearing (LRB) and high damping rubber bearing (HDRB) were used in the model to insert an 

isolator link element in the structural base. The nonlinearities of rubber-steel bearings were considered in 

detail. Linear static, linear dynamic, and nonlinear dynamic analyses were performed for both fixed-based 

(FB) and base isolated (BI) buildings considering the earthquake accelerograms, histories, and response 

spectra of the geological sites. Both the time-domain and frequency-domain approaches were used for 

dynamic solutions. The results indicated that for existing multi-story buildings, RSB diminishes the 

muscular amount of structural response compared to conventional non-isolated structures. The device also 

allows for higher horizontal displacement and greater structural flexibility. The suggested isolation technique 

is able to mitigate the structural hazard under even strong earthquake vulnerability. 
 

Keywords:  structural retrofitting; seismic isolation; existing building; rubber-steel bearing; frequency 

domain; time domain analysis; LRB; HDRB; innovative model 

 
 
1. Introduction 

 

In recent decades, seismic isolation has been increasingly implemented around the world, and it 

has proven helpful for earthquake safety. The separation of the structure from the harmful motions 
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of the ground is accomplished by providing flexibility and energy dissipation through the insertion 

of isolators between the foundation and building structure (Ismail et al. 2010). New, clever 

approaches, such as base isolation (BI), are becoming more popular than the widely adopted 

seismic strengthening technique (Lee et al. 2013). Most of the seismic energy that would be 

transferred to the structure is absorbed at the base level through isolation. Moreover, the frequency 

of movement in the BI structure is reduced compared to the shaking of a typical earthquake. 

Traditional designs are based on increasing resistance by strengthening the structure; seismic 

isolation seeks to reduce the dynamic loading exhibited by earthquake motion in a structural base 

(Ahmad et al. 2009, Ates and Yurdakul 2011).  

Rubber-steel bearing (RSB) isolators, such as lead rubber bearings (LRBs, 1970s) and high-

damping rubber bearings (HDRBs, early 1980s) represent a new implementation of BI in 

structures (Ates 2012, Islam et al. 2012a, Lu and Lin 2008). Dall’Asta and Ragni (2006, 2008) 

have performed experiments, developed models, and analyzed the nonlinear dynamic behavior of 

HDRBs. Providakis (2008) explored the responses of aseismic multi-story buildings isolated by 

LRBs at near-fault motion. This innovative seismic isolation system for multi-story buildings has 

been evaluated and its advancement is reviewed by several investigators (Baratta and Corbi; Hong 

and Kim 2004, Islam et al. 2013b, Islam et al. 2012b). Base isolators with hardening behavior 

under increasing loading have been reported for medium-rise buildings with moderate earthquake 

risk (Pocanschi and Phocas 2007). Ariga et al. (2006) evaluated the resonant behavior of BI high-

rise buildings under long-period ground motions. Islam et al. (2014) studied the effectiveness of 

base isolation to mitigate the soft story phenomena in tall building, In addition, Olsen et al. (2008) 

studied the long-period responses of buildings with isolators. Dicleli and Buddaram (2007), 

Casciati and Hamdaoui (2008), and Islam et al. (Islam et al. 2013a) evaluated isolation system for 

multi-story buildings by using a number of HDRB and LRB categories. Roy and Chakraborty 

(2013) presented optimal design of base isolation system considering uncertain bounded system 

parameters. A number of studies on mitigating the seismic effects of historic structures have also 

demonstrated the usefulness of incorporating isolation systems (Anzani et al. 2010, Ates 2012, 

Borzi et al. 2013, Gürsoy 2014, Xue and Yang 2014).  

Prominent structures in Dhaka, Bangladesh, are good candidates for being made flexible by the 

insertion of an isolator. The earthquake disaster risk index has placed the medium-risk seismic 

region Dhaka among the 20 most vulnerable cities in the world. The recently measured plate 

motions at six different sites in Bangladesh, including Dhaka, clearly demonstrate that Dhaka is 

moving 30.6 mm/year in the northeast direction. Furthermore, the relatively high rate of strain 

accumulation in and around Dhaka may precipitate an earthquake of magnitude 6.8 (Khan and 

Hossain 2005). Buildings experience time-varying loads when subjected to such strong earthquake 

excitations. The seismic considerations of building designs in Dhaka are typically based on the 

traditional approach. Major earthquakes reported in the literature have shown that ductile 

structures provide unsatisfactory performance (Iriarte et al. 2010). Seismic isolation is one of the 

most promising alternatives to improve the performance of these structures. This type of structural 

system can be implemented for new structures and can also be retrofitted to existing buildings. The 

dynamic characteristics of the base isolator are designed to uncouple the base from ground motion. 

 Few reports have studied the option of incorporating RSB devices in medium-risk seismic 

regions. The relatively complex time-domain method and rapid frequency-domain method have 

not been adopted simultaneously under bidirectional site-specific earthquake loading. In this study, 

we model the configuration of HDRBs and LRBs and explore the suitability of incorporating 

isolators using equivalent static analysis. The study area (Dhaka, Bangladesh) is used as a  
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(a) 

 
(b) 

Fig. 1 Site location map (a) and architectural plan (b) of the building 

 

 

representative medium-risk seismic region. We present the development of a finite element model. 

We also present static analysis and free vibration analysis (Betti and Vignoli 2011, Ozmen et al. 

2013), along with dynamic analysis in the frequency and time domains. The acceleration excitation 

behaviors for fixed-base (FB) and BI buildings are assessed with the displacement patterns at 

different levels. In addition, base shear and overturning moments are compared for both the FB 

and BI cases. Every comparison is supported by comparison to the maximum and minimum 

structural excitation values. Significant reductions in the structural responses are observed. 

Furthermore, the flexibility of the modeled structures is shown to be increased through seismic BI. 

Building of Study 

20’ Wide DCC Road 

100’-0” wide Atish Dipankar Road 
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2. Structural model 
 

A moment-resisting reinforced-concrete frame structure was retained for the existing multi-

story building model. The superstructure was simulated using a linear elastic system for the 

conventional FB building. The multi-story building structure is shown in Fig. 1. RSBs are 

incorporated between the foundation and superstructure, and nonlinear behavior is confined to the 

RSB isolators. The base and floors of the multi-story building are assumed to be infinitely rigid. 

The structural system follows these additional assumptions: 

1) The superstructure and base of the building have been configured using six degrees of 

freedom at the center of mass of each floor.  

2) The superstructure behaves elastically and inelastically during earthquake excitation. 

3) Floors are considered rigid in their own plane, and the masses for each floor are added 

together.  

4) The entire structure is excited by the bidirectional components of earthquake ground motion 

(x- and y-directions).  

5) Base isolators convey the vertical load but undergo no vertical deformation. 

6) A bilinear model is used to simulate the LRBs, and the equivalent linear model is used for 

the HDRBs.  

7) The RSBs are fixed at the bottom to the foundation and at the top to the base mass.  

 

2.1 Numerical formulation 
 

BI structures require dynamic analysis because of their complexity. Here, the ETABS  

(Habibullah 2007) program was used for static and dynamic analyses assuming a linear elastic 

structure. The HDRB and LRB isolators were designed with different properties as part of the 

static design procedure. The bearings were linked at the base of the buildings and analyzed 

accordingly. Dynamic analysis in the frequency domain was performed for both the FB and BI 

cases. Bearings were designed with the program DESBEA11, which was used to formulate the 

equations and conditions.  

 

2.2 Modeling of isolators 
 

A hysteresis model was designed to provide stiffness and resistance under any displacement 

history. In addition, the basic characteristics were defined through member geometry and material 

properties. To carry out response spectrum analysis, the effective stiffness (Keff) and equivalent 

viscous damping, derived from the isolator's energy dissipated per cycle (EDC), are essential. The 

force-deformation behaviors of the isolators in this study were modeled as follows for the LRBs 

and HDRBs: 

(a) LRB: Nonlinear hysteretic loop directly specified by the bilinear model.  

(b) HDRB: Equivalent linear elastic model with viscous damping included for the nonlinear 

system. 

 

2.2.1 Bilinear LRB model 
An LRB is formed by force-fitting a lead plug into a preformed hole in a low-damping 

elastomeric bearing, as shown in Fig. 2(a). The basic components of such bearings are rubber and 

steel plates, constructed in alternating layers. The steel plates force the lead plug in the bearing to  
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(a) (b) 

Fig. 2 LRB: (a) Deformation pattern; (b) Idealized Bi-linear hysteretic model 

 

 

deform and shear. The LRB system offers the parallel action of linear springing and damping. The 

system decouples the structure from the horizontal components of earthquake ground motion by 

interjecting a layer of low horizontal stiffness between the foundation and superstructure. 

Generally, the LRB exhibits the required amount of damping, horizontal flexibility, and vertical 

stiffness. Large differences in the damping of the structure and isolation device make the system 

non-classically damped, leading to the coupling of the equations of motion. An elastic, perfectly 

plastic hysteretic model was used to consider the essential isolation characteristics, and this model 

is referred to as the bilinear model. The model is constructed using the standard bilinear hysteretic 

rules with kinematic strain hardening. Its behavior varies according to the yield point load for the 

lead core, horizontal stiffness (lead core contribution), and horizontal stiffness (elastomer 

contribution). The nonlinear force deformation behavior of the RSB is modeled by the bilinear 

hysteretic model, which is controlled by the characteristic strength, post-elastic stiffness, and yield 

displacement. An idealized hysteresis for the bearing is shown in Fig. 2(b). The force intercept at 

zero displacement in hysteresis, Qd, also termed the characteristic strength, is correlated with yield 

strength.  

plyd AQ                                                                   (1) 

In this equation, the yield strength, σy, is dependent on the vertical load and lead core 

confinement. 

The post-elastic stiffness is defined as 
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The elastic (or unloading) stiffness (Kilar and Koren 2009) is defined as 
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(a) (b) 

Fig. 3 HDRB: (a) Deformation pattern; (b) Equivalent linear hysteretic model 

 

 

W is the weight of the structure, which can be used to define a bilinear model. The ratio of post-

yield stiffness and elastic stiffness varies within a small range, 0.08-0.12, for the LRBs. When the 

peak displacement of a bilinear model is larger than the yield displacement, the lateral shear force, 

F, and effective stiffness, Keff (secant stiffness), at peak displacement for a bilinear system can be 

calculated as follows: 

Effective stiffness 
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LRB isolators are strongly nonlinear, i.e., the parameters Keff and β are valid only for the design 

displacement, ∆max. The maximum isolator displacement is thus given by  

B
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where Sa is the spectral acceleration at Te 

Fm=Fmax is the maximum force, Fy is the yield force, ∆y is the yield displacement, EDC is the  

∆max 

Ku=kr 

Fmax 

EDC 

Rubber Layers Attachment 
Steel Plate 

508



 

 

 

 

 

 

Incorporation preference for rubber-steel bearing isolation in retrofitting existing… 

energy dissipated per cycle, and  Ah is the area of the hysteresis loop 

 

2.2.2 Equivalent linear HDRB model 
An HDRB consists of thin layers of high-damping rubber and steel plates fabricated in 

alternating layers, as illustrated in Fig. 3(a). The low shear modulus of the elastomer controls the 

horizontal stiffness of the bearing. The steel plates provide high vertical stiffness and prevent 

bulging of the rubber. Horizontal stiffness is not affected by the high vertical stiffness for such a 

RSB. Damping in the isolation system is increased by adding extra-fine carbon blocks, oils, resins, 

and other proprietary fillers. The parallel action of the linear spring and viscous damping is the 

dominant feature of the HDRB system. Furthermore, the damping in this bearing model is neither 

viscous nor hysteretic. HDRB uses a lower stiffness to obtain a higher natural period. An 

equivalent linear elastic viscous damping model was chosen to configure the HDRB (Fig. 3(b)). 

The non-linear force-deformation characteristic of the RSB is swapped through effective elastic 

stiffness and effective viscous damping. In this model:  

• Instead of Kr, stiffness is expressed as the effective horizontal stiffness Keff. 

• Damping is considered as effective viscous damping. 

The equations required to model the HDRB follows Eqs. (2) and (4)-(8). The elastic (or 

unloading) stiffness is defined as follows 

ru KK                                                                      (9) 

 

2.3 Lateral static loading  
 

Linear static analysis, the simplest of all the analyses, represents a minimum level of 

complexity. Seismic lateral load was determined by choosing Z, R, and the soil profile, among 

other factors. Furthermore, the lateral load for wind was obtained from the related coefficients. 

The formula for earthquake and wind analysis was taken from Bangladesh National Building Code 

(BNBC) (1993)as follows 

RZICVEQ /                                                              (10) 

The base shear for earthquake loading is VEQ. The seismic zone factor is denoted as Z. I is the 

importance factor, R is the response modification factor, C=1.25S/T
2/3

,
 
S is the soil structure 

interaction, T is the structural time period, and W is the effective weight of the structure.  

2
)( bZICPGWz vCCCCCP                                                   (11) 

The design wind pressure at varying height is (Pz)W. CC is the conversion coefficient from 

velocity to pressure, CI is the structure importance coefficient, CZ is the combined height and 

exposure coefficient, vb is the basic wind speed, CG is the gust coefficient, and Cp is the pressure 

coefficient. 

 

2.4 Equations of motion  
 

The equations of motion of the super structure for all BI systems can be derived as follows 

}]{][[}]{[}]{[}]{[ ggb uTMyKyCyyM                                 (12) 
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[M], [K] and [C]  are the mass, damping and stiffness matrices of the superstructure, respectively. 

{y}=[yx, yy, yz]
T
 is the displacement vector at the slab, which is related to the base mass. 

{yb}=[ybx,yby,ybz]
T

 
is the vector of base displacements relative to the ground. {üg} is the ground 

acceleration vector, and [Tg] is the earthquake influence coefficient matrix. 

 

2.5 Dynamic solution 
 

2.5.1 Time-domain analysis  
Nonlinear time-domain analysis was performed in the sophisticated package. The P-delta effect 

was considered for geometric nonlinearity. Material nonlinearity, along with link nonlinearity, was 

also included. Direction integration was performed by the Hilber-Hughes-Taylor Alpha method. 

The nonlinearities were restricted to the nonlinear link elements. The above dynamic equilibrium 

equations, which consider the super structure to be elastic and the link to be nonlinear, can be 

written as 

     
)])()([)()()}(]{[)}(]{[)}()(]{[ tyKtrtrtrtyKtyCtytyM NNNLb  

 
(13) 

The stiffness matrix K is the sum of KL and kN. KL is the stiffness matrix for all of the linear 

elements, KN is the stiffness matrix for all of the nonlinear degrees of freedom, rN is the vector of 

forces from the nonlinear degrees of freedom in the gap elements, y, ẏ, and ÿ are the relative 

displacement, velocity, and acceleration with respect to the ground, respectively, and r is the 

vector of applied loads. The effective stiffness at the nonlinear degrees of freedom is arbitrary but 

varies between zero and the maximum stiffness of that degree of freedom. 

The fast nonlinear analysis (FNA) technique was used to solve the equilibrium equations. This 

technique is extremely efficient, as it is designed for structural systems that are primarily linear-

elastic but have a limited number of predefined nonlinear elements. For the FNA method, all 

nonlinearities are restricted to the link elements. The specific time-history load is applied quasi-

statically with high damping. The FNA considers a ramp type of time-history function that 

increases linearly from zero to one over a length of time. The nonlinear equations are solved 

iteratively in each time step. The program allows the analysis results to vary during a time step. 

The iterations are carried out until the solution converges. If convergence cannot be achieved, the 

program divides the time step into smaller sub-steps and tries again. 

 

2.5.2 Frequency-domain analysis 
Dynamic frequency-domain analysis is required for systems with unproportional damping, 

hysteric properties, and frequency-dependent properties. The approach offers computational 

advantages in the prediction of the displacements, velocity, and acceleration of the ground 

subjected to structural systems (Islam et al. 2013a). Equations of motion for linear analysis are 

transformed into a normal coordinate system. Applying the normal coordinate transformation to 

the decoupled equation of motion for individual modes leads to the following 

})(]{][[})(]{[})(]{[})()(]{[ ggnnnnnbnn tuTMtyKtyCtytyM  
          

(14) 

The solution can be obtained individually for each decoupled modal equation by using Eq. (15), 

where ζ is the modal damping ratio and ωn is the undamped natural frequency.  

gnnnnn tutytyty )()()(2)(
2                                          (15) 
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Fig. 4 Column layout plan of the building 

 

 

The total acceleration of the unit mass in a single-degree-of-freedom system, governed by Eq. 

(15), is given by 

gT tutytu )()()(                                                           (16) 

Eq. (15) can be solved for y(t). Substituting the term into Eq. (16) yields 

)()(2)(
2

tytytu T                                                   (17) 

The maximum modal displacement can be obtained for a typical mode n with period Tn and the 

corresponding spectrum response value S(ωn). The maximum modal response associated with 

period Tn is calculated by Eq. (18), and the maximum modal displacement response is calculated 

by Eq. (19). 

 
2/)()( nMAXn STy                                                       (18) 

nMAXnn Tyu  )(                                                          (19) 

The frequency-domain analysis was performed using the aforementioned method of mode 

superposition. The modal values were combined using the complete quadratic combination (CQC) 

technique. Directional combination was performed by the SRSS method. 

 

 

3. Numerical analysis 
 

The 10-story residential tower building for police personnel consists of four 800-ft
2
 apartments 

on each floor. The project area is 3,524.67 m
2
, and there are two 10-story buildings, Tower 1 and 

Tower 2, at the perimeter. Tower 1 and Tower 2 occupy areas of 663.315 m
2
 and 757.380 m

2
, 

respectively. Tower 2 was considered for the case study in this research. Police Tower-2 is 

supported on 32 columns and six shear walls. Four types of columns were considered, C1, C2, C3, 

and C4; there are eight, 12, four, and eight C1-C4-type columns in the building under 

consideration, respectively. Three types of shear walls were considered, SW1, SW2, and SW3; 

There are two, one, and one SW1-SW3-type shear walls, respectively. The column layout in the 

building is shown in Fig. 4. Some different views of the building are shown in the Appendix (Figs. 

A1-A4). 
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Table 1 Salient feature of the building 

Parameter Rating 

Length (X-direction) 40.80 m 

Width (Y-direction) 23.00 m 

Number of Span in X-direction 07 

Number of Span in Y-direction 05 

Length of span in X-direction 6.75 m (maximum) 

Length of span in Y-direction 6.15 m (maximum) 

Covered Area of the Building 757.380 m
2
 

No. of Shear Walls 4 

Total No. of Columns 32 

Total No. of Piles 340 

Average Length of Pile 10.5 m 

No. of Lift 02 

No. of Void 04 

 

 

The features are summarized in Table 1, which lists different attributes of the Tower 2. The 

floor slabs were cast in situ using reinforced concrete with a varying depth. The average depth is 

140 mm. All slabs are two way and monolithic, with a beam column frame. 

From a seismic response perspective, the four elements of the building (floors, columns, shear 

walls, and piles) are important. Thus, we provide further descriptions of the configurations and 

properties of these elements. 

  

3.1 Pile configuration 
 

The substructure consists of four piles with a 1.87×1.87-m pile cap under eight single columns, 

eight piles with a 1.87×3.97-m pile cap under four single columns, nine piles with a 2.92×2.92-m 

pile cap under four single columns, 10 piles with a 2.92×3.97-m pile cap under four single 

columns, 16 piles with a 2.92×6.07-m pile cap under two double columns, 18 piles with 

2.92×6.17-m pile cap under two double columns, and 20 piles with 3.98×5.02-m pile cap under 

two double columns. Each pile is 350×350 mm and 12.00 m long. There are 92 350×350-mm, 

9.00-m-long piles under the shear walls. All of the piles are precast and filled with concrete. The 

top level of piles varies from -2.53 m for the 9.00-m piles to -0.50 m for the 12.00-m piles. The 

pile caps have a cast in situ reinforced concrete infill construction. The pile caps under the 

columns have a top level of -0.5 mm, so the piles are embedded 305 mm within the caps. Fig. 5a 

presents the cross section of a maximally loaded column with a pile cap. 

 

3.2 Column configuration 
 

Four types of columns were considered: C1 (450×1,000 mm), C2 (450×950 mm), C3 (450×900 

mm), and C4 (425×500 mm). The columns rest on pile caps (ground floor size). The columns are 

3.0 m and constructed with reinforced concrete. Fig. 5(a) presents a vertical section of a maximally 

loaded column. The cross-sectional properties of the columns are provided in Table 2.  
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(a) 

 
(b) 

 
(c) 

Fig. 5 Typical plan of the building and section of maximum loaded column (a) Section of column C1 over 

10-piled pile cap, (b) Typical layout plan of the building, (c) Partial plan showing grid line through 

Column C1 

 
Table 2 Cross-sectional properties of columns 

Section Type Area m
2
 Moment of Inertia Ix (m

4
) Moment of Inertia Iy (m

4
) 

C1 (450 mm×1000 mm) 0.45 0.0375 0.007594 

C2 (450 mm×950 mm) 0.4275 0.032152 0.007214 

C3 (450 mm×900 mm) 0.405 0.027338 0.006834 

C4 (425 mm×500 mm) 0.2125 .004427 0.003199 

 

 

3.3 Shear wall configuration 
 

Three types of elongated columns, i.e., shear walls, are constructed here as SW1 (one wall, 

400×6,883 mm), SW2 (four walls of varying dimensions), and SW3 (four walls of varying 

dimensions), all of which rest on pile caps (ground floor size). The shear walls are 3.0 m tall (from 
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floor to floor) and are constructed by reinforced concrete. Figs. 5(b) and 5(c) illustrate the shear 

walls adjacent to the void spaces.   

 

3.4 Modeling of the example building 
 

The building consists of seven spans in the x-direction and five spans in the y-direction. Fig. 

5(b) presents the typical layout of the building, with a partial grid plan through column C1. The 

floor slabs are attached monolithically to the beam columns. The model for the building structure 

was established as a moment-resisting frame with a response modification factor R=8.5 for the 

non-isolated structure. The time period of the structure, which denotes the value for the first mode 

shape, is T=0.5241 s. 

 

3.4.1 Base shear for earthquake and wind loads 
Because the building is 45.73 m high, the wind load plays an important role, along with the 

seismic load. Nevertheless, lateral seismic load is dominant for both shear and moment in both 

directions, as shown in Table 3. 

 
3.4.2 Sustained load 
The seismic weight of the building was considered to be the total load at the base from dead 

and live loads. The value is W=148,183.8 kN. A maximally loaded column experiences 4,399.34 

kN of vertical force, which is the optimum value. This load is an extreme imposed load from the 

dead and live loads.  

 

3.4.3 Design earthquake  
The design earthquake for the dynamic analysis of Tower 2 comes from a generated time 

history for Dhaka. In this time history, the total time is 30 s, with a time interval of 0.005 s. Thus, 

there are a total of 6,000 steps. Fig. 6 presents the time-history curve (Islam et al. 2013c). 

The response spectrum for the 5% damping ratio for this earthquake was considered as part of 

the response spectrum analysis. Fig. 7 presents the response spectrum curve (Islam et al. 2011) in 

terms of g.  

 
3.5 Insertion of an isolation device 

 

To withstand the lateral seismic load, an isolation device was incorporated into the model. Two 

types of isolator bearings, LRBs and HDRBs, were considered for use at the base of the 

superstructure. Such devices isolate the superstructure from the substructure, thus changing the 

displacement behavior and reducing the values of different forces. 

There are 46 isolation devices for this building. Fig. 8 presents the load-displacement curves 

determined from the spreadsheet for the LRBs and HDRBs. The properties are reported in Table 4. 

 

 
Table 3 Base shear and moment for lateral load 

 WX (KN) WY (KN) EQX (KN-m) EQY (KN-m) 

Base Shear 3215.40 6114.345 5122.44 6290.62 

Base Moment 81344.173 155188.498 167514.61 203950.859 
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Fig. 6 Selected time history for Dhaka EQ in X-direction (top) and Y-direction (bottom) 

 

 

Fig. 7 Selected acceleration response spectrum for Dhaka EQ 
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T=1.5 T=2.0 

  
T=2.5 T=3.0 

(a) 

  
T=1.5 T=2.0 

  
T=2.5 T=3.0 

(b) 

Fig. 8 Hysteresis curve of the isolation device: (a) lead rubber bearings, (b) high damping rubber bearings 
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Table 4 Force-displacement relationship of optimum isolation device 

Isolator Type Force Elastic (KN) Elastic Displacement (mm) Force Plastic (KN) Plastic Displacement (mm) 

LRB 338.87 23.62 553.31 183.13 

HDRB 222.14 20.32 713.85 242.57 

 

Table 5 Isolation system variations 

System Variation Isolated Period (sec) β (%) 

LRB 1.5 8% 

LRB 2 11% 

LRB 2.5 15% 

LRB 3 20% 

HDR 1.5 15% 

HDR 2 16% 

HDR 2.5 17% 

HDR 3 19% 

 

 

As shown in Fig. 8, the key properties of the isolator are the following: 

• Initial Slope of the Isolator, ki=k1=Initial Stiffness=Elastic Stiffness=14.45 kN/mm for the 

LRBs and 10.91 kN/mm for the HDRBs. 

• Post-Yielding Slope of the Isolator, kh=k2=Post-Yielding Stiffness=1.40 kN/mm for the LRBs 

and 1.78 kN/mm for the HDRBs. 

The diameter of the isolators was set to a default value of 850 mm, and there were 16 layers for 

both the LRBs and HDRBs. 

For the LRBs, the force intercept Qd was taken to be 5% of the seismic load. For the HDRBs, 

this characteristic strength is dependent on the damping properties. Damping has been considered 

as stated in Table 5.  

 

 

4. Results and discussion  
 

The present study incorporates different kind of rubber steel bearing (RSB) isolation like LRB 

and HDRB as the alternative device of solution for mitigating the seismic hazards. There are 

significant structural responses with the varying stiffness of base isolators. Geometry like diameter 

of base isolator, numbers of layers also have the influential effect on structural behavior of 

proposed building. Subsequent section discusses thorough interpretations of dynamic 

consequences. 

 

4.1 Influence of the isolator properties  
 

The displacement (∆), base shear (V), and base moment (M) vary with changing properties of 

RSB. Here, LRBs and HDRBs were considered to establish their influence. For a pre-selected 

isolator period, several values of the damping ratio (β %) were selected to obtain the initial 

stiffness (K1), post-yield stiffness (K2), and yield force (Fy), allowing for the comparisons shown  
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Table 6 System properties for LRB 

System Variation 

Qd=0.050 

Isolated 

Period (sec) 
β (%) Δ (mm) C 

Post-Yield 

Stiffness Ratio 

K1 

(KN/mm) 

K2 

(KN/mm) 
Fy KN 

LRB 

1.5 8% 183.134 0.095 0.0971 14.450275 1.401925 40.10 

2 11% 222.504 0.065 0.0912 12.84465 1.200308 39.85 

2.5 15% 253.238 0.047 0.0844 11.560325 1.038923 39.55 

3 20% 273.558 0.045 0.0796 10.509275 0.906815 39.34 

 

Table 7 System properties for HDRB 

System 

Variation 

Isolated Period 

(sec) 
β (%) Δ (mm) C 

Post-Yield 

Stiffness Ratio 

K1 

(KN/mm) 

K2 

(KN/mm) 

Fy 

KN 

HDR 

1.5 15% 152.146 0.1049 0.3004 10.912773 1.77625 50.636 

2 16% 198.374 0.1038 0.2479 9.02475 1.54 50.141 

2.5 17% 242.57 0.1034 0.2056 7.6461 1.350825 49.939 

3 19% 279.146 0.1033 0.1628 6.6045 1.196125 49.887 

 
Table 8 Effective stiffness of rubber-steel bearings 

System Variation Isolated Period (sec) Effective Stiffness (KN/mm) 

LRB 

1.5 16.63 

2 13.46 

2.5 11.13 

3 9.88 

HDR 

1.5 31.21 

2 25.83 

2.5 21.86 

3 18.41 

 

 

in Tables 6 and 7.  

 

4.1.1 Initial stiffness 
The elastic stiffness of the LRBs decreases with an increasing damping ratio, with a moderate 

slope. However, the slope for the HDRBs is very steep, i.e., the initial stiffness decreases 

significantly with only a minor change in the damping ratio.  

 

4.1.2 Post-yield stiffness 
The post-yield stiffness of the LRBs increases with the value of initial stiffness in a concave 

manner with a nearly linear slope, whereas the increasing curve for the HDRBs is convex. The 

post-yield stiffness of the HDRBs increases significantly as the initial stiffness increases.  

 

4.1.3 Yield force 
For the LRBs, the yield force normalized with the weight of the structure increases rapidly as 

the value of initial stiffness increases. The increasing slope for the HDRBs is nearly linear, i.e., the 
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increase in the yield force with increases in the initial stiffness remains almost constant.  

 

4.1.4 Effective stiffness 
The effective stiffness of the LRBs decreases moderately with the length of the time period for 

a given characteristic strength. The decreasing slope for the HDRBs is steeper, i.e., the initial 

stiffness decreases more rapidly with an increasing time period. The effective stiffnesses of the 

RSBs for different isolator periods are shown in Table 8. 

 

4.2 Influence of the isolator siameter 
 

As the diameter of the LDB increases, the elastic stiffness increases in slightly more rapidly 

than for HDRB diameter, but the post-yield stiffness increases more slowly. Fig. 9 illustrates how 

the stiffness varies with the diameter of a LRB with Qd=0.05 and Ti=1.5. 

 For increase in diameter of the HDRB, the elastic stiffness increases moderately, but the post-

yielded stiffness increases in slower nature. Fig. 10 illustrates how the stiffness varies with the 

diameter of a HDRB with Ti=1.5. 

 

 

 

Fig. 9 Initial stiffness vs. damping ratio for LRB 

 

 

Fig. 10 Initial stiffness vs. damping ratio for HDRB 
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(a) for LRB (b) for HDRB 

Fig. 11 Post-yielded stiffness vs. initial stiffness 

 

  
(a) for LRB (b) for HDRB 

Fig. 12 Normalized yield force with initial stiffness 

 

 

The post-yield stiffness of the bearings increases linearly with the initial stiffness of the RSBs. 

Fig. 11 illustrates the variation in stiffness for the LRBs (a) and HDRBs (b). The normalized yield 

force increases more rapidly as the diameter of the bearing increases for the LRBs than for the 

HDRBs. Fig. 12 illustrates how the normalized yield force varies with the diameter of the isolator 

for a) an LRB with Qd=0.05 and Ti=1.5 and b) an HDRB with Ti=1.5. The yield forces have been 

normalized with the total weight of building. The variation of yield force with varying bearing 

diameter is observed as quite nonlinear which is conveyed in the illustration. 

Detailed comparisons of the stiffness, isolation period, and yield forces for the LRBs and 

HDRBs are presented in Figs. 13-16. The base shear coefficient (C) remains constant for all 

diameters for the LRB, whereas it increases with an increasing diameter for the HDRBs. Fig. 17 

presents the shear coefficient for a LRB with Qd=0.05 and Ti=1.5 and for a HDRB with Ti=1.5. 

 

4.3 Influence of the number of layers in the isolator 
 

As the number of layers increases, the elastic stiffness of the LRBs decreases significantly but 

the reduction is more rapid for the HDRB elastic stiffness; in contrast, the post-yield stiffness 
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Fig. 13 Effective stiffness with isolator time period for LRB and HDRB 

 

 
Fig. 14 Elastic stiffness and post-yielded stiffness with bearing size for LRB (Ti=1.5) 

 

 
Fig. 15 Elastic stiffness and post-yielded stiffness with bearing size for HDRB (Ti=1.5) 

 

 

decreases very slowly though in slightly higher amount for HDRB case. Fig. 18 and Fig. 19 

illustrate how the stiffness varies with the number of layers for LRB (Qd=0.05) and HDRB 

respectively of Di=850 mm and Ti=1.5.  
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(a) for LRB (Ti=1.5) (b) for HDRB (Ti=1.5) 

Fig. 16 Normalized yield force with bearing size 

 

 
Fig. 17 Shear force coefficient/ normalized yield force with bearing size for LRB and HDRB 

 

 

Fig. 18 Elastic stiffness and post-yielded stiffness with no. of layers of LRB (Ti=1.5, Di =850 mm) 
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Fig. 19 Elastic stiffness and post-yielded stiffness with no. of layers of HDRB (Ti=1.5, Di=850 mm) 

 

  
(a) LRB (b) HDRB 

Fig. 20 Normalized yield force with no. of layers of bearing (Ti=1.5, Di=850 mm) 

 

 
Fig. 21 Shear force co-efficient with no. of layers of LRB and HDRB 
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Fig. 22 Maximum base shear normalized to the maximum (fixed based) value 

 

 
Fig. 23 Maximum base moment normalized to the maximum (fixed based) value 

 

 

The normalized yield force decreases more linearly for an increasing number of layers for the 

LRBs than for the HDRBs. Fig. 20 illustrates how the normalized yield force varies with the 

number of layers in the isolated for a) a LRB with Qd=0.05 and Ti=1.5 and b) a HDRB with 

Ti=1.5. 

Again, the base shear coefficients remain the same for all values of the diameter for the LRBs, 

whereas C decreases as the number of layers increases in the HDRBs. Fig. 21 presents the shear 

coefficients for a LRB with Qd=0.05 and Ti=1.5 and a HDRB with Ti=1.5. 

 

4.4 Assessment of the response spectrum effect with the effect of time history 
 

The performance of the RSB incorporation has been evaluated in terms of base shear (V) and 

base moment (M) which have been normalized with maximum shear and maximum moment 

respectively. Such the ratio of the V/Vmax and M/Mmax give a clear conception of lessening 

horizontal forces for structure retrofitting by RSB technique. When isolation is used, the base 

shear is reduced by 40% compared to the conventional structure. The maximum base moment is 
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reduced by up to 24% for the isolated structure. Figs. 22 and 23 indicate that the base shear and 

base moment can be reduced for both the time history and response spectrum in terms of 

individual maximum values.  

 
 
5. Conclusions 
 

For existing multi-storied buildings, RSB base isolators could reduce the base shear up to 40-

50% compared to the FB building. Furthermore, the base moment could be reduced by 25-45%. 

By and large, the rubber steel bearing reduces the structural responses significantly compared to 

the conventional non-isolated structures. Isolation allows for greater horizontal displacement and 

thus greater structural flexibility. The efficiency of isolator increases with increasing diameter and 

decreases with increasing number of layers. The suggested RSB isolation technique is able to 

mitigate the structural hazards of high seismic activity. Therefore, RSB isolators may be 

incorporated at the bottom of a superstructure to separate it from the sub-structure. This strategy is 

economical and increases the safety of the building. 

This study dealt with the effectiveness of RSB in retrofitting the existing multistoried building 

but the construction aspects is still need to cover. Further study can be done for defining the proper 

construction method to install the base isolator without interrupting the studied parameter. Other 

models of isolators can also be investigated to get an optimum isolating system. 
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Appendix 

 

 

Fig. A1 Front elevation view of the building 

 

 

Fig. A2 Exterior corner fixed based column 

 

 

Fig. A3 Fixed based column showing monolithic casting 
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Fig. A4 Interior fixed based column 
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