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Abstract 

In this study, the use of high damping rubber bearing (HDRB) with various design properties in mitigating the 

seismic effects for steel buildings was investigated. For this, a generalized demand on the analytical model of 

HDRB was introduced and eighteen different models of HDRB were examined comparatively. These models 

were created by considering three significant isolation parameters of HDRB such as isolation period T (2, 2.5, 

and 3 s), effective damping ratio βeff (0.05, 0.10, 0.15), and post-yield stiffness ratio λ (3 and 6). The benchmark 

low (3-storey), mid (6-storey), and high-rise (9-storey) steel buildings were equipped with different isolation 

systems of HDRB and then subjected to a set of earthquake ground motions through nonlinear time history 

analyses in order to evaluate the actual nonlinear behaviour of the bearings in the base-isolated steel buildings in 

service. The base-isolated frames were assessed by the variation of the selected structural response parameters 

such as isolator displacement, relative displacement, inter-storey drift ratio, absolute acceleration, base shear, 

base moment, hysteretic curve, and dissipated energy. The effectiveness of the steel buildings with HDRB was 

evaluated. It was shown that the seismic performance of the base-isolated structure was remarkably influenced 

by the isolation parameters. The higher value of the isolation period and effective damping ratio tended to 

increase the amount of dissipated energy associated with low post-yield stiffness ratio.  

 
Keywords: Base isolation; Bearing property; High damping rubber bearing; Isolation parameter; Nonlinear 

response; Steel frame.  

1. Introduction 

Compared to traditional seismic retrofit technique that is depend on increasing of strength and ductility of the 

structural members by regulating their dimension and upgrading with composite materials, the base isolation 

technology has been increasingly gained importance and used in plenty of the buildings, especially for critical 

buildings, namely, hospitals, nuclear plants, stations, terminals whose functionality must continue both during 

and after the earthquake (Güneyisi and Deringöl, 2018). Unlike from traditional seismic retrofit technique, in 

base isolation system (BIS), the upper structure is decoupled from the ground and placed a flexible layer 

between the superstructure and its foundation thereby eliminating the seismic energy that is transmitted from 

ground to the structure (Skinner et al. 2003).The isolator device of BIS has low horizontal stiffness and immense 

vertical load carrying capacity, is placed underneath the structure so that the base-isolated structure provides 

greater than that of the original frames (Habieb et al. 2019). BIS can be admitted as mature passive seismic 

isolation technique that is developed against seismic and dynamic actions to resume the service lifespan of the 

civil engineering structures. For the last a few decades, BIS have been implemented not only new structures but 

also existing buildings in order to meet the current limit state of the seismic design codes (Clemente and 

Martelli, 2019). It is well known that the utilization of BIS increases the fundamental period of the base-isolated 

structures since the isolator provides additional damping, which hereby enables to smoothly lateral movement, 

but this relative displacement partially centered on the region of bearing device (Cancellara and De Angelis, 

2016). In other words, the displacement and acceleration demands on the bearing interface are larger than upper 

storey level for base-isolated structures. The lower relative displacement and acceleration are observed in the 

upper part of the structure that is made possible as sustainable the serviceability of the buildings during 

earthquakes; thus, the destructive effect of the upcoming forces from the earthquake dissipated by means of the 

isolator and the whole structure members may stay in the elastic range without any damage (Cancellara and De 

Angelis, 2019). BIS can be classified according to interface material used in the mechanism of isolator such as 

sliding and laminated rubber bearings. The latter provide immense flexibility that caused large displacements 

and provided the vibration period of the base-isolated structures. Different types of laminated rubber bearing are 
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as following: Natural rubber bearing (NRB), lead rubber bearing (LRB), and high damping rubber bearing 

(HDRB). Compared to the other elastomeric bearings having only damping capacity of 5 %, the damping 

capacity of HDRB reaches to 16 % as well as HDRB does not need to be inserted additional lead core (Özkaya et 

al. 2011). Due to the fact that HDRB has higher capability of supporting large loads, it provides the recentering 

of the bearing shortly after the ground motions, and also keeps displacements of the structure without any 

maintenance or repair requirement, therefore there is growing concern for HDRB and it can be also 

acknowledged the most preferred laminated rubber bearing and mostly applied to highway bridges in countries 

such as Japan, Australia and USA (Ali and Abdel-Ghaffar, 1995). The utilization of HDRB for the seismic 

protection of the civil engineering structures has gained great popularity among the civil engineers in the last few 

decades, so there are a growing number of analytical studies and experimental applications of HDRB. For 

example, Bhuiyan et al. (2009) presented an analytical study which provide elasto-viscoplastic rheology model 

by nonlinear elasto-plastic spring to illustrate the efficiency of HDRB. Markou and Manolis (2016) studied on 

the mechanical models for shear behavior of HDRB, for this, five variant analytical models are developed in 

order to describe the stiffness hardening, energy dissipation, and shear response of HDRB under a set of strain 

amplitudes. The more elastoplastic elements were successfully decreased the identification error. Clemente et al. 

(2019) instrumented the effectiveness of HDRB in terms of accelerations by the twelve accelerometers deployed 

height of the buildings using the permanent seismic monitoring system. Oliveto et al. (2019) presented a set of 

bidirectional model, in which behavior of the isolator characterized under a wide range of strain amplitudes (e.g. 

5% and 200%). In the study of Wei et al. (2019), the characterization of coupling effect of compressive and 

shear load on rate-dependent of HDRB was studied by performing monotonic shear tests under strain rates. It 

was observed that the increase of compressive stress resulted in the maximum shear stress of HDRB in all strain 

rate cases, and furthermore, stunning increment was acquired for slower strain rates. Dall'Asta and Ragni (2008) 

carried out nonlinear dynamic analyses of four cases produced by defining equivalent linear models of HDRB 

considering both transient and stationary behaviours under seven synthetic seismic excitations. In another study 

of Dall'Asta and Ragni (2008) the seismic response of the single degree of freedom systems were analyzed by 

using a rheological model adopted the contribution of constant strain and transient response of HDRB. It was 

showed that the dynamic responses of HDRB fairly varied by the material behaviour, seismic input level, strain 

rate. Alhan et al. (2016) investigated the importance of stiffening and non-stiffening characteristics of HDRB 

through time-history nonlinear analysis. The importance of the stiffening for HDRB gets more decisive in terms 

of the isolated frames subjected to near fault ground motions when their magnitude enhances and the fault 

distance mitigates. Dezfuli and Alam (2014) proposed a novel HDRB model, furnished with two discrete alloy 

wires (as supplementary damper) which utilized for a three span continuous steel girder concrete and reinforced 

concrete pier supported bridge were modeled. The utilization of alloy wires improved the re-centering ability of 

the HDRB and also the amount of dissipated energy. Tubaldi et al. (2018) proposed an advanced HDRB model 

which described the nonlinear behaviour of amplitude-dependent in shear of the bearing and the vertical stiffness 

arrangement in case of tension and compression forces. It was observed that the vertical stiffness adjustment of 

the isolator was estimated according to the isolated bridge. Gjorgjiev and Garevski (2013) developed a well-

organised analytical model called as “polynomial” encompassed fully simulated nonlinear stress-strain behaviour 

of HDRB. The currency and applicability of the polynomial model were also verified by time-history analyses. It 

was concluded that the nonlinear behaviour of the bearing was changed with the loading conditions. Nguyen et 

al. (2015) conducted an experimental test program (i.e., cyclic shear, simple relaxation, and multi-step relaxation 

tests) to understand the self-heating effect on the mechanical characteristics of HDRB. The remarkable result of 

under low and room temperatures was achieved. The effect of the reinforcement material and type of the 

connection systems used on the satisfactory behavior of HDRB was examined in the study of Sierra et al. (2019). 

It was pointed out that the isolator types including unbolted fiber reinforcement represented better behaviour. 

Compared to steel reinforced isolators, the fiber reinforcement isolators presented typical nonlinear response as 

regard greater damping ratio and horizontal stiffness. Zuniga-Cuevas and Teran-Gilmore (2013) investigated the 

dynamic response of 2, 4, and 8-storey base-isolated systems subjected to a set including 22 severe earthquakes 

whose database obtained from firm soils. It was assumed that the isolators are capable of exhibiting different 

damping levels, period ratio, and mass ratio. As the effective damping ratio increased, the accelerations 

significantly decreased especially for moderate period. Bhandari et al. (2018) performed a series of time-history 

nonlinear analysis for evaluating the seismic performance of 10-storey building equipped with the isolation 

systems subjected to bi-lateral ground motions whose fling-step, directivity, and intensity of PGA level also were 
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taken into account. The numerical test results showed that the base-isolated building experienced the inelastic 

deformations in case of greater PGA, furthermore, it was notably mitigated with respect to the fixed-base 

buildings. In the study of Yang et al. (2016), a quarter scale of 3-storey steel building with HDRB was set up and 

conducted bilateral simulation test. It was observed that the bilateral loading produced additional deformation 

and shear strain in the rubber bearings due to torsional effect. In other words, the larger shear strain of 200% 

caused the greater coupling effect of HDRB. Alhan and Davas (2016), assessed the seismic performance of 5-

storey isolated frame subjected to near fault earthquakes at various fault distances with different velocity pulse 

periods. It was shown that the lower isolation period and greater isolator damping allowed mitigating the base 

displacements. It also caused inter-storey drift and storey acceleration especially for far-field earthquakes. Pant 

(2016), highlighted that the isolation system characterized with a range of the effective damping ratio and period 

changed with scaled earthquakes for 4-storey base-isolated building. It was found that the scaling has more 

prominent impact on the base-isolated buildings compared the characteristics of the isolation system and 

increasing the  period of the building can be easily reduced the deformations compared the effective damping 

ratio. Burtscher and Dorfmann (2004) experimentally investigated the mechanical features of HDRB governed 

by the vertical compression and horizontal shear tests for different shear stiffness in plane direction. The test 

results showed that the horizontal stiffness enhances when the inclination angle of the steel plate reached to 

100% in terms of shear strains, and if it keeps on increase the rubber bearing inclined to convergence. Grant et 

al. (2004) characterized the nonlinear damping and strain hardening behaviour of HDRB by developing a strain 

rate-independent model under high intensity seismic inputs. It was showed that the deformation on the bearing 

did not change with the characteristics of the earthquakes, while the base shear was remarkably enhanced by the 

higher intensity levels. Tam et al. (2015) presented a phenomenological material model to understand the 

nonlinear mechanical and rheological behaviour of HDRB considering “Mullins effect” that signify the 
particular aspect of the exerted loading tests such as relaxation, cyclic tensile, quasi-static compression test.  

Rahnavard and Thomas (2019) studied the nonlinear response of the rubber isolators considering the effect of the 

type of loadings, magnitude and direction of the exposed loads. It was shown that the stiffness of the bearing 

enhanced when the rubber isolator subjected to tensile axial load and multiple circular-scattered rubber cores 

surpassed the only one central rubber core. Given that the seismic performance of the base-isolated frames 

substantially based on the mechanical characteristics of the isolators, the investigation of the isolation parameters 

becomes quite necessary to introduce rational, economic, and engineering judgment in the seismic isolation 

design. Unlike from aforementioned studies, in this study, nonlinear response of the steel buildings embedded 

with various isolation systems of HDRB was examined in order to produce more compact intelligent isolation 

system by combining the mechanical characteristics of HDRB. To this aim, low (3-storey), mid (6-storey), and 

high-rise (9-storey) steel frames with HDRB having different design properties of the isolation period T, 

effective damping ratio βeff, and post-yield stiffness ratio λ compatible with the standard of ASCE (2005) were 

considered. For the designing of HDRB, the values of T, βeff, and λ changed from 2 to 3 s, 0.05 to 0.15, and 3 to 

6, respectively. The examined frames were estimated through dynamic analyses by five real earthquake records, 

namely, 1992 Cape Mendocino, 1976 Gazlı, 1978 Tabas, 1994 Northridge, and 1986 San Salvador. The 

comments obtained from the analyses were presented and addressed comparatively.  

 

2. Description of the structures and modelling assumptions 

In this parametric study, three different frames were used to examine the performance and compatibility of 

HDRB with the steel moment resisting frames. For this, low (3-storey), mid (6-storey), and high-rise (9-storey) 

fixed base frames are considered that are initially planned by Karavasilis et al. (2006) were redesigned by added 

HDRB. All of the storeys have same height of 3 m. The bay width is equal to 5 m for all storey. The general 

layout of the examined frames, including section of the beams and columns are given in Figure 1. The 

fundamental natural periods of free vibration for low (3-storey), mid (6-storey), and high-rise (9-storey) 

buildings were determined as 0.73, 1.31, and 1.75 s, respectively. The profiles of IPE and HEB are used to 

building of the beams and columns, respectively. The dead and live loads are only considered in the scenario of 

the gravity load. The amount of dead and live loads acting on the beams are assigned as 24.5 and 10 kN/m, 

respectively. The modulus of elasticity and yield strength of steel are taken equal to 200 GPa and 235 MPa, 

respectively. The post yield stiffness ratio is α = 0.03. The inherent damping ratio of the original frames is 

assumed to be 5%. Moreover, comprehensive information pertained to the original frames can be find out in the 
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study of Karavasilis et al. (2006). During the analyzing of the base-isolated frames, the nonlinear behavior of the 

structural members is assigned to plastic hinge locations where assumed to have occurred end of the columns 

and beams in convenient with FEMA-356 (2000). In this study, HDRB system was employed in the seismic base 

isolation of the case study frame structures. HDRB has similar notion of BIS and inhibit the seismic energy 

transferred from the ground to the structure in the event of earthquakes. HDRB consists of alternate laminated 

thin rubber layers and reinforced steel plates that are bonded by vulcanization (Wei et al. 2006). The isolators 

designed to provide horizontal post-yield elasticity and also ensure the vertical rigidity by supporting the weight 

of the structure. The nonlinear behaviour of HDRB is governed by the mechanical and physical characteristics of 

the rubber bearing (Dall’Asta and Ragni 2006; Hwang et al. 2002). Figure 1 shows the cross-sectional view and 

hysteretic behaviour of HDRB (Markou and Manolis 2016). HDRB has complex hysteretic response that 

changes with the amount of the stiffness and shear strain ratio. For example, HDRB has immense horizontal 

stiffness when the shear strain lower than 20 %, constant horizontal stiffness up to 120 % of strain, at very large 

shear strain range (i.e., greater than 120 %) for ultimate stiffness that is restrained the occurrence of excessive 

shear hardening (Oh et al. 2017). The numerical modelling and analysis were performed in SAP 2000 (2011) 

direct integration method including P-Delta effect. Eighteen different base-isolated frame models are 

implemented in nonlinear frame analysis by software SAP 2000 that is enabled to describe the nonlinearity of 

HDRB isolator. For this, a common link element was considered as rubber isolator link element in the modeling 

of HDRB and it was used and assigned as a single joint element between the ground and the superstructure 

according to the study of Sarno et al. (2011). Both of the bearings (namely inner and outer) were separately 

developed for the analytical modelling of the isolated buildings in which HDRB placed 

between the foundation and the column of the buildings. The link property of the isolators considered as the 

rubber isolator link element utilized firstly by Park et al. (1986). In this way, a set of isolation systems have been 

modelled by means of HDRB considering different isolation properties such as isolation period T, effective 

damping ratio ß, and post-yield stiffness ratio λ. 

An iterative design procedure applied and then the isolation parameters of HDRB were determined using 

following equations in accordance with Naeim and Kelly (1999). Firstly, the maximum isolator displacement 

was assumed and just once neglecting the yield displacement, the iteration started and continued until the 

assumed and obtained values were almost the same. In the iterative procedure described in ASCE (2005), the 

following equations were used. The assumed value of period T was then utilized to calculate the effective 

stiffness, keff; keff = Wg x(𝟐𝐱πT )2                                                                                                                (1) 

 

hysteresis loop (the energy dissipated per cycle), WD; 

 WD = 2xπxkeffxßxD2                                                                                                  (2) 

 

characteristics strength, Q; 

 Q = WD4(D−Dy)                                                                                                                        (3) 

 

post-yield stiffness of the isolator, k2;   
                                                                                                  k2 = keff − QD                                                                                                                     (4)   

                

yield displacement, Dy is given by;                                                                                     

 Dy = Q(k1−k2)                                                                                                                     (5)         

              

effective period, Teff                                                                           
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Teff = 2π√ Wkeff.g                                                                                                  (6) 

 

damping reduction factor, B;   

                                                                                                   1B = 0.25(1 − lnβeff)                                                                                                 (7)   

 

displacement of isolation, D       

                                                                                                            D = g.Sa.Teff2B.4π2                                                                                                                 (8) 

 

and yield strength, Fy 

 

      Fy = Q + kd. Dy                                                                                                          (9) 

 

where gravitational acceleration is g, Q is characteristic strength, T is target period, W is total weight on the 

isolator, g is gravitational force, B is damping reduction factor, Dy is yield displacement, βeff is effective damping 

ratio, and Sa is spectral acceleration. 

 

The mechanical behaviour of the rubber bearing characterized in the study of Naeim and Kelly (1999) regarding 

the equivalent damping ratio reaching to 0.25. Furthermore, the post yield stiffness ratio defined as the ratio of 

the post-yield stiffness (k2) to the initial stiffness (k1), and considered as 3 and 6. In the study of Ryan and 

Chopra (2004) it was suggested that the constant value of 5 mm for the yield displacement (Dy) was taken into 

account rather than fixing the post-yield stiffness ratio. In this paper, as previously mentioned, a set of different 

base-isolated steel frame models have been generated to evaluate the isolator characteristics of HDRB that was 

considered as variety of frames (low, mid, and high-rise), isolation period (T = 2, 2.5, and 3 s), effective 

damping ratio (βeff = 0.05, 0.10, and 0.15), and post-yield stiffness ratio (λ = 3 and 6). In the design of HDRB, 

the bi-linear hysteretic behavior was regarded as shown in Figure 2(b) (Markou and Manolis 2016). Other 

mechanical properties of the isolators were computed by Eqs. (1)–(5) and presented in Table 1 for low-rise 

frame. The generated base-isolated model of isolation systems was labeled depend on their isolation period (T), 

effective damping ratio (βeff), and stiffness ratio (k1/k2 = λ) as to present in the tables and figures and in the rest of 

the paper. For instance, T3β15λ6 stands for the isolation model of T = 3 s, βeff = 15 %, and λ = 6.  

 

Two-dimensional view of benchmark low (3-storey), mid (6-storey), and high-rise (9-storey) buildings with 

HDRB was illustrated as shown in Figure 1. In this study, a series of HDRB designed for those frames with 

different characterized isolation parameters. The base of each column is carried by HDRB, which is anchored to 

isolated foundation. The base-isolated frames analytically modelled using SAP 2000 (2011). and then nonlinear 

time-history analysis was performed by direct integration methods. The deformations and inertial forces were 

computed from the analyses result of examined frames for each earthquake. Since PGA consistently 

characterizes the seismic ground motion records it was accepted as an intensity measure. Five earthquake inputs 

were supplied using Pacific Earthquake Engineering Research Centre (PEER) (2011). data bank to perform the 

nonlinear time history analyses considering following intervals; Mw 5.8-7.35, Rjb 0-3.9 km, Rrup 2-8.2 km, Vs30 

251.2-766.8 m/s,  PGA 0.59-0.80 g, PGV 62.23-118.29 cm/s, and PGD 10.01-96.80 cm. More information on 

the earthquake records presented in Table 2. 5 % damped acceleration response spectra of the ground motions 

are also illustrated in Figure 3. The signals of the ground motions are scaled in accordance with ASCE 7-10 

(2010). standard in which the scaled records should not be lower than the design spectrum over the period range 

from 0.2T to 1.5T where T is the fundamental vibration period of the building being designed.  

3. Results and Discussion 

 

3.1 Isolator Displacement 
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When low (3-storey), mid (6-storey), and high-rise (9-storey) frames were hit by five different earthquakes, the 

isolator displacements of those were determined using nonlinear time history analyses and then presented in 

Figures 4, 5, and 6, respectively. Moreover, in order to better investigate the effectiveness of HDRB having 

different design properties, the variation of average percent values of isolator displacement of each isolation 

system with respect to that of the case T2β5λ3 are given in Tables 4, 5, and 6 for low, mid, high-rise base-

isolated frames, respectively. From both figures and tables, it can be obviously shown that the changing of the 

design characteristic of the isolator had significantly varied the isolator displacement demand of HDRB by 

ensuring sideway displacement of case study isolated frame structures. As post-yield stiffness ratio λ gets lower, 

initial stiffness k1 become less, and utilization of T as 2.5 and 3 s produced more flexible bearing as well (see 

Table 1). Furthermore, the maximum isolator displacement increased in case of the isolation models consisted of 

the greater β and T with less λ. For example, the maximum isolator displacements of 52.50, 28.47, and 59.53 cm 

were attained in T3β15λ3 for low, mid, and high-rise frames subjected to Tabas, Cape, and again Tabas 

earthquakes, respectively. The analysis of the results indicated that T of 3 s definitely became favourable in 

terms of the isolator displacement independently height of the building and active earthquakes. When β and λ are 

fixed to comprehend the effect of T on the isolator displacement, and it was observed that the use of T3β15λ6 

instead of T2β15λ6 enhanced the isolator displacement from 24.52 to 28.15 cm, 21.19 to 27.49 cm, 18.57 to 

28.48 cm for low, mid, and high-rise frames subjected to Cape earthquake, respectively (see Figures 4-6). 

However, an adverse trend was only observed when Northridge earthquake hit low, mid, high-rise base-isolated 

frames and produced the maximum isolator displacement as 41.69 (T2β5λ3), 27.45 (T2β15λ3), and 22.76 cm 
(T2β15λ3) as shown in Figures 4, 5, and 6, respectively. Moreover, the greatest enhancement on the average 

isolator displacement occurred as 21.7, 41.6, and 55.6 % in case of the use of T3β5λ3 instead of T2β5λ3 for low, 

mid, and high-rise frames as shown in Tables 4-6. Similarly, the average value of the maximum isolator 

displacement was experienced in the isolation systems of T3β5λ3, T3β10λ3, and T3β15λ3 as 28.19, 29.22, and 

28.34 cm, respectively. When the isolator displacement of the case study frames were evaluated considering the 

effect of the damping ratio it was noticed that the use of β (namely 10 and 15 %) increased the isolator 

displacement in the presence of Cape, Tabas, and Salvador earthquakes, on the other hand it slightly mitigated 

under Northridge and Gazlı earthquakes. For instance, the increase of the effective damping ratio from 5 to 15 % 

in the isolation system of T = 3 s and λ = 6 enhanced 3-storey base-isolated frames’ isolator displacement from 

11.62 to 12.05, 26.27 to 28.15 cm, 50.58 to 52.45 cm under Salvador, Cape, and Tabas earthquakes, respectively 

as shown in Figure 4(b). However, it was reduced the isolator displacement from 21.73 to 18.39 cm, 29.56 to 

28.44 cm under Gazlı and Northridge earthquakes, respectively as shown in Figure 4(b). As β of 5 reached to 15 

% for mid-rise base-isolated building under Salvador, Cape, and Northridge earthquakes, the maximum isolator 

displacements measured in the isolation systems of T2.5β15λ3 as 11.9, T3β15λ3 as 5.7, and T2β15λ3 as 3.8 %, 
respectively. The moderate β of 10 % also satisfied the maximum isolator displacement as 60.39 cm (T3β10λ3) 
under Tabas earthquake.  However, an adverse trend was encountered as the maximum isolator displacement 

reached to 26.41 cm in the isolation system of T3β5λ6 (see Figure 5(b)). As for 9-storey base-isolated frame, in 

case of β enhanced from 5 to 15 %, it was increased as 6.2 % for T3β15λ3, 4.6 % for T2β15λ3, and 6.5 % for 

high-rise frames with T3β15λ3 under Tabas, Northridge, and Cape earthquakes, respectively as illustrated in 

Figure 6(a) where can be seen another adverse trend for T3β5λ3 and T2.5β5λ3 as 25.67 and 9.35 cm. Moreover, 

the maximum average isolator displacement of 28.34 cm was account for T3β15λ3 that has the greatest effective 
damping ratio as 15 %. The low post-yield stiffness ratio, λ generally presented more isolator displacement than 

the isolation system including highest value of λ. For instance, when λ decreased to 3, the maximum isolator 

displacements of 21.89 and 25.67 cm occurred when low and mid-rise frames equipped with T3β5λ3 and hit by 

Gazlı earthquake as depicted in Figure 4(a), 52.5 and 59.53 cm obtained when low and high-rise isolated 

buildings equipped with T3β15λ3 and hit by Tabas earthquake as depicted in Figure 4(a) and 6(a), 27.45 and 

22.76 cm acquired when mid and high-rise frames equipped with T2β15λ3 and then hit by Northridge 

earthquake as depicted in Figure 5(a) and 6(a), respectively. However, T3β15λ6 yielded the maximum isolator 

displacements as 12.05 and 28.15 cm when low-rise isolated frames hit by Salvador and Cape earthquakes, 

respectively (see Figure 4(b)). Moreover, when mid-rise hit by Gazlı earthquake the maximum isolator 

displacement of 26.41 cm was experienced as shown in Figure 5(b). As for the average maximum isolator 

displacement demand, mid-rise building looked more favourable than low and high-rise buildings. Compared to 

the isolation systems, T3β5λ3, T3β10λ3, and T3β15λ3 presented the average value of the maximum isolator 

displacement as 28.19, 29.22, and 28.36 cm as depicted in Figure 4(b), 5(b), and 6(b), respectively. Furthermore, 
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the isolation systems of T3β5λ3, T3β10λ3, T3β15λ3 that have the lowest post-yield stiffness ratio (namely λ = 3) 
also succeeded the average maximum increment on the isolator displacement percentage as 21.7, 42.6, and 57.7 

% versus T2β5λ3 for low, mid, and high-rise base-isolated frames as shown in Tables 4, 5, and 6, respectively. 

 

3.2 Inter-storey Drift Ratio 

 

The inter-storey drift ratio can be admitted as an engineering demand parameter (EDP) to meet the limiting 

criteria of structural and non-structural members that are restricted in accordance with SEAOC (1999) included 

Operational (SP-1) as 0.5 %, Occupiable (SP-2) as 1.8 %, Life Safety (SP-3) as 3.2 %, and Near Collapse (SP-4) 

as 4 %. Inter-storey drift could be calculated as the translational displacement of successive storey over 

associated storey height. The maximum inter-storey drift ratio computed in the isolated frames with the isolation 

systems when subjected to five earthquakes and plotted in Figures 7-9. The inter-storey drift ratio against height 

of the base-isolated frames with different isolation systems under Northridge earthquake was presented in 

Figures 10-15. Furthermore, the variation of average percent values of inter-storey drift ratios with the isolation 

systems according to that of T2β5λ3 are presented for comparison purposes. The inter-storey drift ratio of the 

buildings with the isolation systems evaluated whether the corresponding performance levels was satisfied or 

not. First, increase of T led to mitigate the maximum inter-storey drift ratio of the isolated frames (see Figures 7-

9). For instance, when T reached to 3 s, β and λ fixed as 5 % and 3, the maximum inter-storey drift ratios of 2.52, 

3.03, and 2.54 % (T2β5λ3) dropped to 0.69, 0.99, and 0.90 % (T3β5λ3) met the limiting criteria of SP-2 for low, 

mid, high-rise base-isolated frames under Northridge earthquake, respectively. In addition to Figures 7-9, the 

influence of the isolation period to the inter-storey drift ratio can also be observed in Figures. 10-15 where the 

variation of the inter-storey drift versus height of the frames were presented. When low and mid-rise isolated 

frames equipped with the isolation systems having greater isolation period and hit by Northridge earthquake, the 

more uniform drift distribution, and also lower inter-storey drift ratio were produced. For example, increasing of 

the isolation period from 2 to 3 s resulted in remarkable reduction on the maximum inter-storey drift ratios of 

low, mid, and high-rise isolated frames, for instance, they mitigated from 2.47, 2.96, and 2.46 % (T2β5λ6) to 
0.64, 0.96, and 0.85 % (T3β5λ6), respectively, the latter met the limiting criteria of SP-2, had uniform inter-

storey drift height of the storey, and similar drift ratio as 0.65 % along the mid storey level of 3rd storey to 7th 

storey (see Figures 14(c), 15(c))) as well. Moreover, as seen from Tables 4, 5, and 6, the greatest average inter-

storey drift ratios reduction were experienced in the isolation system of T3β15λ6, again T3β15λ6, and T3β15λ3 
as 47.8, 49.0, and 43.7 %, respectively, with respect to that of T2β5λ3. The influence of the building heights can 

be observed in Figures 7-9. When low-rise frame with the isolation period of 3 s under Gazlı and Salvador 
earthquakes that was provided SP-1 level and also experienced the less inter-storey drift ratio (see Figure 7). SP-

1 level was also valid not only mid-rise but also high-rise isolated buildings were hit by Salvador earthquake as 

show in Figure 8 and 9. Secondly, the greater effective damping ratios (as 10 and 15 %) significantly produced 

less inter-storey drift ratios. For instance, the minimum inter-storey drift ratios of 0.42, 0.55, 0.54, 0.20, and 1.00 

% were acquired in T3β15λ6, T3β10λ6, T3β15λ6, T3β10λ6, and T2.5β15λ3 under Gazlı, Cape, Northridge, and 
Salvador, and Tabas earthquakes (see Figure 7), respectively, which satisfied SP-1 and SP-2 for the low-rise 

frame. When subjected to Cape, Gazlı, Tabas, and Northridge earthquakes, the mid-rise frame with T3β15λ6 
provided the minimum inter-storey drift ratio that is also valid for T3β10λ3 under Salvador earthquake as shown 

in Figure 8.  Similarly, when high-rise base-isolated frame with T3β15λ6 was hit by Cape and Gazlı earthquakes 

the minimum inter-storey drift ratios of 1.08 and 0.87 % obtained and they are in convenient with SP-2. The 

lowest inter-storey drift ratio of 9-storey frame with T3β10λ6 under Northridge and Salvador earthquakes 

occurred as 0.81 and 0.38 % (see Figure 9) and satisfied SP-2 and SP-1, respectively.  Furthermore, the changes 

of the inter-storey drift ratio versus buildings height plotted in Figures 10-15 where the use of the effective 

damping ratios of 10 and 15 % not only mitigated the inter-storey drift but also provided more uniform drift 

distribution. For instance, when subjected to Northridge earthquake the inter-storey drift ratios at roof storey of 

the corresponding low, mid, high-rise base-isolated frames experienced as 0.55, 0.54, and 0.58 % for the 

isolation system of T2β5λ3, respectively (see Figures 10, 12, and 14), which are decreased up to 0.51, 0.51, 0.53 

% for the isolation system of T2β10λ3, and 0.40, 0.42, 0.51 % for the isolation system of T2β15λ3. The more 

uniform distribution of inter-storey drift was noticed in Figure 11(c), 13(b), and 14(c) for low, mid, high-rise 

base-isolated frames with the effective damping ratios of 15, 10, and 15 %, respectively. Furthermore, compared 

to T2β5λ3, the average value of the maximum inter-storey drift ratio reduction of low, mid, and high-rise base-
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isolated frames with T2β10λ3 occurred as 7.9, 5.2, 4.5 %, and T2β15λ3 ensured as 14.4, 10.6, 9.2 % (see Tables 
4-6).  Thirdly, when compared the inter-storey drift demand of the base-isolated frames considering the post-

yield stiffness ratio λ (as 3, 6), it was remarkably influenced, particularly low and mid-rise frames (see Figures 7-

15). Besides, considering the increased the post-yield stiffness ratio λ would raise demands on the inter-storey 

drift. In other words, if T and βeff kept constant, and λ increased from 3 to 6, the maximum inter-storey drift 

substantially decreased, independently building heights and ground motion characteristics. For instance, when 

subjected to Cape earthquake, low, mid, high-rise base-isolated frames with T2.5β10λ3 produced the inter-storey 

drift ratios as 0.81, 1.44, and 1.35 %, whereas T2.5β10λ6 introduced as 0.69, 1.33, and 1.31 %, respectively. In 
addition, the minimum values were as 0.42 % (T3β15λ6), 0.55 % (T3β10λ6), 0.54 % (T3β15λ6), 0.20 % 

(T3β15λ6) in case of greater post-yield stiffness ratio for low-rise hit by Gazlı, Cape, Northridge, and Salvador 

earthquakes, respectively (see Figure 7(b)). Those also met the limiting criteria of SP-1.  Similarly, when 

subjected to Cape, Northridge, Tabas, and Gazlı earthquakes the isolation system of T3β15λ6 provided the 
lowest maximum inter-storey drift ratios of 1.02, 0.88, 2.05, and 0.85 % for mid-rise frame, respectively (see 

Figure 8(b)). When subjected to Cape, Salvador, Northridge, and Gazlı earthquakes the lowest inter-storey drift 

ratios were obtained as 1.09 % (T3β15λ6), 0.38 % (T3β5λ6), 0.81 % (T3β10λ6), and 0.88 % (T3β15λ6) in case 

of greater post-yield stiffness ratio for high-rise frame, respectively (see Figure 9(b)), whereas the lowest 

maximum inter-storey drift ratio of 1.00 % (T2.5β15λ3), 0.42 % (T3β5λ3), and 2.32 % (T3β15λ3) was obtained 

in case of the lower post-yield stiffness ratio for low, mid, high-rise base-isolated frames subjected to Tabas, 

Salvador, and again Tabas earthquakes as shown in Figures 7, 8, and 9, respectively. The average value of the 

maximum inter-storey drift ratios of low and mid-rise frames with T3β15λ6 computed as 0.56 and 1.05 %, 

whereas it was obtained as 1.13 % for high-rise frame with T3β15λ3. Moreover, the use of greater post-yield 

stiffness ratio exhibited the more uniform inter-storey drift distribution and reduced it as well, as shown in 

Figures 10-15. When high-rise isolated frame with T3β10λ6 instead of T3β10λ3 that exhibited more uniform and 

steady inter-storey drift distribution (see between 1st to 3rd and 3rd to 5th storey level) as seen in Figures 15(b) 

and 14(b), respectively. Similarly, high-rise frame with T2.5β15λ3 and T3β15λ3 performed 0.38 and 0.31 % 

inter-storey drift ratio at roof storey (see Figure 14(c)), whereas they were reduced to 0.31 and 0.24 % (see 

Figure 15(c)), respectively.  

 

3.3 Relative Displacement 

 

The relative displacement can be found by subtracting the top storey displacement from the bearing 

displacement, and it can also be used as one of the most influential EDP for the seismic performance assessment. 

After subjecting a set of earthquakes the maximum relative displacements of the examined base-isolated frames 

were computed, and given in Figures 16-18. It can be proved that the relative displacements of those frames 

successfully eliminated when equipped with HDRB. In the design of HDRB, the utilization of the isolation 

period of 2.5 or 3 s and post-yield stiffness ratio of 3 developed characterized isolator had less stiffness (see 

Table 1) and thereafter the base-isolated buildings can be smoothly moved and the relative displacements of the 

buildings mitigated.  When increase the isolation period the relative displacements considerably mitigated. For 

instance, when subjected to  Cape, Gazlı, Tabas, Northridge, and Salvador earthquakes, the lowest relative 

displacements were obtained as 3.33, 2.58, 5.71, 3.42, and 1.18 cm in 3-storey frame with T3β5λ6, T3β15λ6, 
T3β15λ3, T3β15λ6, and again T3β15λ6 (see Figure 16), respectively. Moreover, the lowest average value 

occurred as 3.31 cm (see Figure 16(b)) for the isolation system of T3β15λ6 provided 53.5 % relative 
displacement reduction with respect to T2β5λ3 (see Table 3). When considered 6-storey frame, the lowest 

relative displacement of 7.45, 6.33, 16.86, 7.21, and 6.50 cm were actualized for the isolation systems of 

T3β5λ6, T3β15λ3, T2.5β15λ6, T3β15λ3, and T3β10λ3 (see Figure 17). As an example of high-rise building with 

the isolation models had isolation periods of 2.5 and 3 s (namely T3β15λ3, T2.5β15λ3, T3β15λ3, T3β5λ3, and 
T3β15λ3) provided the lowest relative displacements as 8.79, 10.75, 26.46, 11.65, and 5.45 cm for high-rise 

building, respectively. Furthermore, the lowest average value of 9.15 and 15.71 cm corresponding to reduction 

of 46.2 and 41.1 % obtained when 6 and 9-storey frame equipped with T3β15λ3 as shown in Figures 17(a) and 

18(a), respectively. It was clearly observed that the maximum relative displacement decreased and also behaved 

more uniform distribution over the storey height in the case of HDRB designed by the greater isolation period as 

shown in Figures 19-24. When it enhanced from 2 to 3 s and the others are fixed (namely, β = 5 % and λ = 6) the 

relative displacement of 7.42 dropped to 1.93 cm at 1st storey of low-rise building, and also resulted in the 



9/14 

 

greatest relative displacement reduction of 74.0 % (see Figure 20(a)). Instead of T2β10λ3, the utilization of 

T3β10λ3 provided the greatest relative displacement reduction as 67.7 % at roof storey of mid-rise building (see 

Figure 21(b)). The most uniform tendency was testified when 9-storey frame with T3β5λ6 hit by Northridge 

earthquake, and also it presented the greatest relative displacement reduction as 67.0 % compared to T2β5λ6 (see 

Figure 24(a)). The variation of the effective damping ratio fluctuated the relative displacement demand of the 

examined frames.  The performance of the isolated frames with greatest effective damping ratio was found to be 

superior to that of the low and moderate effective damping ratio. The isolation system of T3β15λ3 succeeded the 
lowest relative displacements of 5.71 cm in the event of 3-storey frame hit by Cape earthquake (see Figure 

16(a)), it was as 7.21 and 6.33 cm for mid-rise building hit by Northridge and Gazlı earthquakes (see Figure 

17(a)), 5.45, 8.79, and 26.46 cm for high-rise building under Salvador, Cape, and Tabas earthquakes (see Figure 

18(a)), respectively. Similarly, when subjected to Northridge, Salvador, and Gazlı earthquakes, the lowest 
maximum relative displacements of 3.42, 1.18, and 2.58 cm were witnessed in low-rise frame with T3β15λ6, 
respectively, (see Figure 16(b)). However, an example of exception testified when low and mid-rise frames with 

T3β15λ6 hit by Cape earthquake, it was occurred as 3.33 and 7.45 cm, respectively. As for high-rise frame with 

T3β5λ3, it was as 11.65 cm when subjected to Northridge earthquake. Furthermore, the utilization of the 

moderate and greatest value of β enabled to mitigate the relative displacement and provide more uniform relative 

displacement distribution with storey level as well. For instance, when β of 5 reached to 10, and then 15 %, keep 

the other isolation parameters constant (namely, T = 2 s and λ = 6), the maximum relative displacement at roof 

storey mitigated from 12.75 to 11.28 cm, and then 7.05 cm in low-rise frame hit by Northridge earthquake, 

decreased from 25.59 to 24.21, and then 22.43 cm in mid-rise frame, furthermore,  it was also decreased from 

24.89 to 23.81, and then 22.86 cm in high-rise frame (see Figures 20, 22, and 24), respectively. Moreover, the 

effectiveness of the damping ratio in the design of HDRB can be also followed by Tables 4, 5, and 6, in which 

the variation of the average relative displacement compared with T2β5λ3 in percentage. It can be seen that low-

rise frame with T3β5λ3, T3β10λ3, and T3β15λ3 significantly reduced the relative displacement as 47.8, 50.2, 
and 51.7 % (see Table 3) with respect to T2β5λ3. It occurred as 37.6, 42.1, 46.2 % (see Table 4) for mid-rise 

frame and 36.8, 37.2, and 41.1 % (see Table 5) for high-rise frame. A set of λ (as 3, 6) had been proposed to 
characterize the response of the examined frames with HDRB. As can be seen from Figures 16-24, the maximum 

relative displacement was significantly changed by λ. Compared to the others, T3β15λ6 including λ of 6 
provided the lowest relative displacements as 1.18, 3.42, and 2.58 cm for low-rise hit by Salvador, Northridge, 

and Gazlı earthquakes (see Figure 16(b)), while T3β15λ3 included λ of 3 produced the lowest relative 

displacement as 7.21 and 6.33 cm for mid-rise frame subjected to Northridge and Gazlı earthquakes (see Figure 

17(a)), and that was as 36.46, 8.79, and 5.45 cm for high-rise hit by Tabas, Cape, and Salvador earthquakes (see 

Figure 18(a)), respectively. Similarly, the effectiveness of the greater post-yield stiffness ratio on 3-storey 

isolated frame can be also monitored in Table 3 where the average relative displacement reduction was recorded 

as 51.7 and 53.5 % for the isolation system of T3β15λ3 and T3β15λ6, respectively. However, it was occurred as 

46.2 and 43.1 % for mid-rise frame (see Table 4), and 41.1 and 39.1 % for high-rise frame (see Table 5), 

respectively. The use of greater λ proved the relative displacement reduction for low-rise frame and assisted to 

ensure more uniform relative displacement distribution as shown in Figures 19(c) and 20(c). Conversely, the 

lower post-yield stiffness ratio mitigated the relative displacement and also enabled relative displacement to 

behave more uniform distribution over the height of mid and high-rise frames as shown in Figures 21-24. 

 

3.4 Absolute Acceleration 

 

The examined frames with HDRB subjected to a set of earthquakes and then the maximum absolute 

accelerations computed and plotted in Figures 25-27. Furthermore, the change of one storey to another is 

described in Figures 28-33. Firstly, it was generally provided the lowest absolute accelerations when 2.5 and 3 s 

utilized as the isolation period independently height of the buildings and active earthquakes as well. When 

subjected to Northridge and Salvador earthquakes, the lowest maximum absolute accelerations of 1.66 and 1.33 

m/s2 for T3β15λ3 were achieved (see Figure 25(a)). T3β10λ6 presented as 1.65 and 2.29 m/s2 under Gazlı and 

Tabas earthquakes (see Figure 25(b)) for low-rise frame, respectively. It was reported as 1.85 and 2.55 m/s2 for 

mid-rise frame with T3β15λ3 under Gazlı and Tabas earthquakes (see Figure 26(a)), respectively. The isolation 

system of T3β10λ3 and T3β5λ3 also introduced the lowest absolute acceleration. The former produced as 2.29 

m/s2 under Northridge earthquake, the latter obtained as 2.3 and 2.78 m/s2 when mid-rise frame hit by Cape and 
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Salvador earthquakes (see Figure 26(a)). When subjected to Cape, Gazlı, again Gazlı, Northridge, and Salvador 
earthquakes, the lowest maximum absolute accelerations occurred as 2.47, 2.08, 3.39, 2.73, and 2.36 m/s2 for 

high-rise frame with T3β15λ6, T3β15λ3, again T3β15λ3, T3β10λ3, and T3β5λ3 as seen in Figure 27, 

respectively. The use of the isolation periods of 2.5 and 3 s not only decreased the absolute acceleration but also 

was capable of uniform absolute acceleration distribution as shown in Figures 29(c), 30(a and b), 33 (b and c) 

where the absolute acceleration stayed constant at low storey level. Tables 4-6 proved the reduction of the 

absolute acceleration when utilized moderate and high periods. For low, mid, high-rise base-isolated frames with 

T3β5λ3, T3β15λ3, and T3β5λ6 introduced the greatest value of average absolute acceleration reduction as 37.8, 

36.4, and 41.1 %, respectively. Secondly, less effective damping ratio led to mitigation of the maximum absolute 

acceleration especially mid and high-rise frames. For example, it can be smoothly observed in Figures 25(a), 

26(b), 27(b), described the maximum absolute accelerations of low, mid, high-rise isolated buildings hit by 

Cape, Salvador, and again Salvador earthquakes, respectively. On the other hand, when β reached to greatest 
value of 15 %, T3β15λ3 yielded the lowest maximum absolute accelerations as 1.66 and 1.33 m/s2 for low-rise 

frame hit by Northridge and Salvador earthquakes (see Figure 25(a)), 1.85, 2.55 m/s2 for mid-rise (see Figure 

26(a)), 2.08 and 3.39 m/s2 for high-rise frame hit by Gazlı and Tabas earthquakes (see Figure 27(a)), 

respectively. Although T3β10λ3 had moderate effective damping ratio, as seen in Figures 26(a) and 27(a), when 

mid and high-rise frames subjected to Northridge earthquake the lowest absolute acceleration obtained as 2.29 

and 2.73 m/s2, respectively. However, an adverse trend, it was as 1.48 m/s2 when low-rise frame equipped with 

T3β5λ3 and hit by Gazlı earthquake, 2.3 and 2.78 m/s2 for mid-rise hit by Cape and Salvador earthquakes, 

respectively, and 2.36 m/s2 for high-rise frame hit by Salvador earthquake. The utilization of β of 10 and 15 % 
enabled to absolute acceleration mitigation as shown in Figure 25. In other words, when increased β up to 10 and 

last 15 % and kept others constant (namely T = 2 s and λ = 3), it was observed that the roof storey absolute 

acceleration reduced from 4.10 to 3.92 and 3.49 m/s2, respectively. The greatest improvements in the absolute 

acceleration reduction and the most uniform absolute acceleration distributions over the height of the structure 

were witnessed when Figures 29(a) and 29(b) compared with 29(c). Thirdly, when used less post-yield stiffness 

ratio in the design of HDRB that mitigated the maximum absolute acceleration. For instance, when T and β 
regarded as 2 s and 10 %, respectively, and the post-yield stiffness ratio decreased from 6 to 3, the maximum 

absolute acceleration was diminished from 4.20 to 3.92, 3.77 to 3.59, 3.87 to 3.72 m/s2 for low, mid, and high-

rise frames hit by Northridge earthquake, respectively. Furthermore, low-rise frame with T3β5λ3 had less post-
yield stiffness ratio provided the lowest absolute acceleration as 1.48 m/s2 under Gazlı earthquake (see Figure 

25(a)), it was as 2.30 and 2.78 m/s2 for mid-rise frame hit by Cape and Salvador earthquakes (see Figure 26(a)), 

respectively; when subjected to Salvador earthquake it was as 2.36 m/s2 for high-rise frame (see Figure 27(a)). 

However, an exception for the effectiveness of the greater post-yield stiffness ratio obtained the lowest absolute 

acceleration as 1.65 and 2.29 m/s2 in case of Cape and Tabas earthquakes that hit the low-rise frame with 

T3β10λ6 (see Figure 25(b)), respectively. Similarly, it occurred as 2.47 m/s2 in case of Cape earthquake hit high-

rise frame with T3β15λ6 (see Figure 27(b)). As shown in Figures 28-29, the reduction of the post-yield stiffness 

made the absolute acceleration distribution more uniform for low-rise frame. 

 

3.5 Base Shear 

 

The effectiveness of using HDRB having different design properties was assessed through nonlinear analyses in 

which low, mid, and high-rise buildings hit by a series of earthquakes, and then the base shear demands of those 

were computed. The base shear demands of those were divided by corresponding total weights of 1290, 2540, 

and 3686 kN to compare the significance of the isolation systems of HDRB regarding the earthquake 

characteristics. The base shear ratios were in the range of 0.045-0.354 in all frames and depicted in Figures 37-

39 where can be seen the use of HDRB substantially mitigated the base shear demand, depending on the number 

of storey of the structures. Compared to the lower isolation period, the greatest isolation period remarkably 

mitigated the base shear, irrespective of the earthquake characteristics. For instance, when Gazlı and Northridge 
earthquakes hit the low-rise frame with T3β15λ6 the lowest normalized base shears of 0.085 and 0.108 were 

obtained as shown in Figures 34(b). Similarly, when subjected to Cape, Gazlı and Northridge earthquakes, it was 
as 0.114, 0.098, and 0.099 for mid-rise frame (see Figure 35(b)), 0.102, 0.084, and 0.081 for high-rise frame (see 

Figure 36(b)), respectively. The utilization of T as 2.5 and 3 s caused notable reduction especially for low rise 

buildings. For example, as T increased 2.5 and then 3 s, the reductions of the average base shear were occurred 
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as 26.1 and 49.5 % for low-rise frame, 17.8 and 31.6 % for mid-rise frame, and 17.3 and 26.5 % for high-rise 

frame as shown in Tables 4, 5, and 6, respectively. Furthermore, the use of β as 10 and 15 % reduced the base 

shear demand. For instance, when increased β from 5 to 10 % in the isolation of low, mid, and high-rise frames 

with T2β5λ3 and hit by Cape earthquake, the normalized base shear mitigated from 0.215 to 0.210, 0.209 to 

0.201, and 0.187 to 0.183, respectively. The average base shear reductions in connection with the effective 

damping ratio also testified in Tables 4, 5, and 6 where the greatest base shear reductions occurred as 47.6, 36.9, 

and 37.5 % in the isolation system of T3β15λ6, respectively. Furthermore, when Cape and Salvador earthquakes 

hit low and high-rise buildings equipped with moderate β of 10 % (namely T3β10λ6), the lowest normalized 
base shear witnessed as 0.106 and 0.048 (see Figures 34(b) and 36(b)), respectively. The greater post-yield 

stiffness ratio of 6 was more decisive on the base shear demand as shown in Figures 34-36. For instance, when 

subjected to Northridge earthquake the normalized base shear of low, mid, and high-rise frames with T3β15λ3 
introduced as 0.064, 0.060, and 0.058 while T3β15λ6 case reduced it up to 0.060, 0.052, and 0.052, the 

corresponding reduction percentages occurred as 6.3, 13.3, and 10.34 %, respectively. Similar trend can also be 

testified in Tables 4-6 where the average base shear reductions of the isolation systems are given in comparision 

with T2β5λ3. The use of λ as 6 in the isolation models such as T3β15λ6 reduced the average base shear as 47.6, 

36.9, and 37.5 % for low, mid, and high-rise frames, respectively. 

 

3.6 Base Moment 

 

The base moment demands of the examined structures are plotted in Figures 37-39. Moreover, the average base 

moment variations are given in Tables 4-6. It was evidently proved that the base moments of the frames with 

HDRB fluctuated depending on the isolation parameters. HDRB sufficiently reduced the base moment in case of 

T enhanced to 2.5 and then 3 s. For instance, the isolation systems of T2.5β5λ3 and T3β5λ3 in comparison to 

that of T2β5λ3 significantly mitigated the average base moments as 25.5 and 42.5 % in low-rise frame (see 

Table 3), 19.3 and 32.1 % in mid-rise frame (see Table 4), 17.2 and 27.8 % in high-rise frame (see Table 5), 

respectively. Furthermore, when Tabas and Northridge earthquakes hit low and mid-rise frames with T3β15λ3 
case, the minimum base moments of former computed as 1513 and 957.8 kNm (see Figure 37(a)), the latter 

occurred as 5632 and 3337 kNm (see Figure 38(a)), respectively. The minimum base moment of low-rise frame 

was testified as 757 kNm in case of T3β15λ6 under Gazlı earthquake (see Figure 37(b)). Similarly, when mid-

rise frame hit by Cape and Gazlı earthquakes, it was as 3478 and 2837 kNm (see Figure 38(b)), 6445 kNm in 

case of high-rise frame subjected to Cape earthquake (see Figure 39(b)), respectively. It was mostly more prone 

to produce less base moment demand when selected β as 10 and 15 % in the design of HDRB. When β of 5 % 
increased to 10 and then 15 % (assume T and λ are 2 and 3), and subjected to Northridge earthquake, the base 

moment reduced from 2812 to 2612 and 2276 kNm for low-rise frame, 7816 to 7467 and 6605 kNm for mid-rise 

frame, 15320 to 14900 and 14160 kNm for high-rise frame as shown in Figures 37(a), 38(a), and 39(a), 

respectively. In addition, the greatest avereage base moment reductions recorded as 45.4, 36.6, and 37.5 % when 

designed low, mid, and high-rise frames with T3β15λ3, T3β15λ6, and T3β10λ6 cases as shown in Tables 4, 5, 

and 6, respectively. The influence of λ on the base moment demand could be monitored through Figures 37-39 

where proved the base moment not only changed with λ but also building heights and earthquake characteristics. 

Compared to T2β5λ3, 2β5λ6 enabled to reduce the maximum base moment from 1821 to 1722, 1048 to 1030, 

2176 to 2126, and 2812 to 2807 kNm in case of low-rise frame hit by Cape, Gazlı, Tabas, and Northridge 

earthquakes, respectively. Similarly, it diminished dramatically from 6000 to 5824, 3973 to 3752, 7816 to 7695, 

and 4394 to 4211 kNm when mid-rise frame equipped with T2β5λ6 and then hit by Cape, Gazlı, Northridge, and 

Salvador earthquakes, respectively. When high-rise building hit by Cape, Tabas, Northridge, and Salvador 

earthquakes, it also reduced from 14520 to 14100, 14860 to 14690, 15320 to 15200, and 5579 to 5407 kNm, 

respectively. It can be said that λ was less decisive than the T and β as shown in Figures 37-39.  

 

3.7 Typical Hysteretic Curves and Energy Dissipation 

 

When subjected to Gazlı earthquake the hysteretic curves of low, mid, and high-rise frames with eighteen 

various HDRB obtained and given in Figures 40, 41, and 42, respectively. Those hysteretic curves were 

compatible with the typical bi-linear hysteretic force-displacement relationship (see Figure 2(b)) (Markou and 

Manolis 2016). The isolation parameters significantly influenced the hysteretic characteristics of low, mid, and 
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high-rise frames depending on the characteristics of ground motions. The utilization of the greater isolation 

period not only enlarged the area of the curves and also changed those behaviours. When β and λ were fixed, the 

minimum and maximum oblique hysteretic curves were plotted for T of 2 and 3 s, respectively. The hysteretic 

curves including moderate value of T (namely, 2.5 s) located between them (see Figures 40-42). Furthermore, 

when HDRB designed with T = 3 s and β = 5 %, T3β5λ3 was remarkably enlarged the hysteretic curves reached 

to the strains of 0.206 m, 0.240, and 0.245 m corresponded to the forces of 43.12, 90.91, and 142.10 kN as 

shown in Figures 40(a), 41(a), and 42(a) for low, mid, and high-rise buildings hit by Gazlı earthquake, 

respectively. The less β tended to be depicted the larger hysteretic curve independently height of the buildings in 

case of T and λ were fixed. Similarly, the larger hysteretic curves obtained when the examined isolated frames 

designed with less λ as seen in Figures 40-42. For instance, high-rise frame with T2.5β5λ3 instead of T2.5β5λ6 

that was increased the displacement and force of the hysteretic curve from 0.185 to 0.190 m and 155.74 to 

160.74 kN as shown in Figure 42. In addition, the reduction of λ made the hysteretic curve described linear 

behaviour while the shape of the hysteretic curve seemed to have been angular in case of λ enhanced to 6. For 

low, mid, and high-rise frames equipped with HDRB and hit by Gazlı earthquake, the amount of the dissipated 

energy could be computed by Eqn. 10 (FEMA P-750 2009), and given in Table 6. 

 Eloop = 4(DmaxFy−FmaxDy )                         (10) 

where Eloop, Dmax, Fy, Fmax, and Dy are the amount of the dissipated energy, maximum displacement, yield force, 

maximum force, and yield displacement of the isolator, respectively.  

The utilization of both greater T and β with less λ was necessary to obtain more and more energy dissipation as 

shown in Table 6. Firstly, compared to the isolation system of T2β5λ3, it was observed that T2.5β5λ3 and 
T3β5λ3 cases increased the dissipated energy as 28.5 and 43.8 % for low-rise frame, 23.8 and 54.2 % for mid-

rise frame, and 23.4 and 32.7 % for high-rise frame, respectively.  The influence of β on the amount of the 

dissipated energy can be evaluated by Table 6. For instance, when low, mid, and high-rise frames hit by Gazlı 
earthquake T3β15λ3 ensured the maximum dissipated energies as 7.09, 17.40, and 26.20 kJ, respectively. The 

use of less λ let the dissipated energy to be increased as shown in Table 6.  

 

4. Conclusions 

 

The following conclusions can be drawn from in this study; 

 

1) The nonlinear response of low, mid, and high-rise frames with HDRB was differentiated through the isolation 

parameters (namely T, β, and λ), building heights, and characteristics of the earthquakes. 

 
2) The isolation system composed of the greater T and β with λ (i.e., T3β15λ3 and T3β10λ3) was more prone to 

produce the greater isolator displacement with respect to other isolation models. For instance, it was as 28.19, 

29.22, and 28.34 cm when low, mid, and high-rise frames equipped with T3β5λ3, T3β10λ3, and T3β15λ3, 
respectively.  

 
3) The isolation system of T3β15λ6 provided the lowest inter-storey drift ratio and also behaved more uniform 

distribution over the building height. The lowest value of the average inter-storey drift ratios of 0.55 and 1.05 % 

verified the SP-1 and SP-2 performance levels for low and mid-rise frames with T3β15λ6 case while it was 

experienced as 1.13 % with the isolation system of T3β15λ3 satisfied the performance level of SP-2 for high-rise 

frame. 

 
4) The utilization of the greatest T, β, and λ significantly mitigated the maximum relative displacement, but the 

relative displacement changed with the building heights and characteristics of the ground motions as well. 

T3β15λ6 gave the most uniform relative displacement distribution over building height. The lowest value of the 

average relative displacement proved as 3.31 cm while it was found as 9.15 and 15.71 cm for mid and high-rise 

frames with T3β15λ3, respectively. 
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5) The greatest isolation period was decisive and influential on the reduction of the absolute acceleration of the 

examined buildings under earthquakes whereas it was not valid for β and λ. The low, mid, and high-rise frames 

with T3β5λ3, T3β15λ3, and T3β5λ6 cases succeeded the lowest value of the average absolute acceleration, 

respectively. Moreover, use of greater isolation parameters ensured the more uniform absolute acceleration 

distribution over the height of the structures. 

 
6) The variation of the isolation parameters changed the normalized base shear and base moment demands of 

low, mid, and high-rise frames. For instance, the lowest normalized base shear of 0.108, 0.099, and 0.081 were 

obtained when low, mid, and high-rise frames with T3β15λ6 hit by Northridge earthquakes. In addition, low-rise 

with T3β15λ3, mid-rise with T3β15λ6, and high-rise with T3β10λ3 cases provided the lowest value of the 

average base moment. 

 
7) The use of appropriate HDRB models noticeably provided not only maximum energy dissipation but also the 

largest hysteretic curves; furthermore aforementioned isolation system was liable to hysteretic curve of HDRB.  

 
8) The greater values of isolation parameters mostly assumed to be more essential in the event of the seismic 

performance of the examined frames was evaluated considering the displacements and drifts 
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Figures

Figure 1

Elevation views of 3, 6, and 9-storey frames with HDRB under investigation.



Figure 2

Typical con�guration and hysteretic behaviour of HDRB [10]

Figure 3

Elastic acceleration response spectra of the ground motions used.



Figure 4

Maximum isolator displacement with isolation period, effective damping ratio, and yield strength ratio of
3-storey isolated frames under earthquakes.

Figure 5

Maximum isolator displacement with isolation period, effective damping ratio, and yield strength ratio of
6-storey isolated frames under earthquakes.

Figure 6

Maximum isolator displacement with isolation period, effective damping ratio, and yield strength ratio of
9-storey isolated frames under earthquakes.



Figure 7

Maximum interstorey drift ratio with isolation period, effective damping ratio, and yield strength ratio of 3-
storey isolated frames under earthquakes.

Figure 8

Maximum interstorey drift ratio with isolation period, effective damping ratio, and yield strength ratio of 6-
storey isolated frames under earthquakes.

Figure 9

Maximum interstorey drift ratio with isolation period, effective damping ratio, and yield strength ratio of 9-
storey isolated frames under earthquakes.



Figure 10

Interstorey drifts against storey height of 3-storey isolated frames under Northridge earthquake for λ=3

Figure 11

Interstorey drifts against storey height of 3-storey isolated frames under Northridge earthquake for λ=6

Figure 12

Interstorey drifts against storey height of 6-storey isolated frames under Northridge earthquake for λ=3

Figure 13



Interstorey drifts against storey height of 6-storey isolated frames under Northridge earthquake for λ=6

Figure 14

Interstorey drifts against storey height of 9-storey isolated frames under Northridge earthquake for λ=3

Figure 15

Interstorey drifts against storey height of 9-storey isolated frames under Northridge earthquake for λ=6

Figure 16

Maximum relative displacement of 3-storey isolated frames.



Figure 18

Maximum relative displacement of 9-storey isolated frames.

Figure 19

Relative displacement against storey height of 3-storey isolated frames under Northridge earthquake for
λ=3

Figure 21

Relative displacement against storey height of 6-storey isolated frames under Northridge earthquake for
λ=3



Figure 22

Relative displacement against storey height of 6-storey isolated frames under Northridge earthquake for
λ=6

Figure 23

Relative displacement against storey height of 9-storey isolated frames under Northridge earthquake for
λ=3

Figure 24



Relative displacement against storey height of 9-storey isolated frames under Northridge earthquake for
λ=6

Figure 25

Maximum absolute acceleration of 3-storey isolated frames.

Figure 26

Maximum absolute acceleration of 6-storey isolated frames.

Figure 27

Maximum absolute acceleration of 9-storey isolated frames.



Figure 28

Absolute acceleration against storey height of 3-storey isolated frames under Northridge earthquake for
λ=3

Figure 29

Absolute acceleration against storey height of 3-storey isolated frames under Northridge earthquake for
λ=6

Figure 30



Absolute acceleration against storey height of 6-storey isolated frames under Northridge earthquake for
λ=3

Figure 31

Absolute acceleration against storey height of 6-storey isolated frames under Northridge earthquake for
λ=6

Figure 32

Absolute acceleration against storey height of 9-storey isolated frames under Northridge earthquake for
λ=3



Figure 33

Absolute acceleration against storey height of 9-storey isolated frames under Northridge earthquake for
λ=6

Figure 34

Maximum base shear of 3-storey isolated frames.

Figure 35

Maximum base shear of 6-storey isolated frames.

Figure 37



Maximum base moment of 3-storey isolated frames.

Figure 38

Maximum base moment of 6-storey isolated frames.

Figure 39

Maximum base moment of 9-storey isolated frames.

Figure 40

Bi-linear force-deformation relation of 3-storey frame with HDRB under Gazlı earthquake.



Figure 41

Bi-linear force-deformation relation of 6-storey frame with HDRB under Gazlı earthquake.

Figure 42

Bi-linear force-deformation relation of 9-storey frame with HDRB under Gazlı earthquake.


