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Abstract

:

This study addresses an alternative use of viscous dampers (VDs) associated with buckling restrained braces (BRBs) as innovative seismic protection devices. For this purpose, 4-, 8- and 12-story steel bare frames were designed with 6.5 m equal span length and 4 m story height. Thereafter, they were seismically improved by mounting the VDs and BRBs in three patterns, namely outer bays, inner bays, and all bays over the frame heights. The structures were modeled using SAP 2000 software and evaluated by the nonlinear time history analyses subjected to the six natural ground motions. The seismic responses of the structures were investigated for the lateral displacement, interstory drift, absolute acceleration, maximum base shear, and time history of roof displacement. The results clearly indicated that the VDs and BRBs reduced seismic demands significantly compared to the bare frame. Moreover, the all-bay pattern performed better than the others.
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1. Introduction


Recent earthquake regulations in the world have promoted the structural design with sufficient ductility in earthquake-prone zones. Thus, the ductile design of structures has become the main goal of engineers to dissipate earthquake-induced energy without permanent damage or overall collapse. Earthquake forces generate stresses that need to be resisted by the frames in the buildings. When a structure undergoes strong ground motions, the conventional frames assume substantial lateral deformations so that structural and non-structural damages occur, compromising the structural integrity [1,2]. Specifically, shear failure occurs in a brittle manner, in which the column cannot continue to support the overall structure by energy dissipation, eventually leading to the collapse of the overall structure. Therefore, shear failure must be avoided in seismic design, and flexure–shear failure should remain under control because its ductility is worse than that of flexure failure [3]. Steel braces are integrated within the frames to prevent such failures in the steel structures [4,5,6,7]. Even though they seem to improve the lateral stiffness of the structures, steel braces have very limited ductility under cyclic tension and compression. After buckling in the concentrically braced frames, they have unsymmetrical hysteresis behavior associated with substantial strength degradation, thus being unable to dissipate the earthquake-induced energy [8,9]. With the advances in engineering technology, the conventional concentrically braced systems have been replaced by more innovative remedies. In recent years, diagrid structures began to be favored by architects and engineers because diagrid structural systems can provide more effective flexural and shear stiffness. The loads mainly resisted through the axial deformation of diagonal members, which makes the lateral deformation smaller. Despite the fact that diagrid structures attract significant attention owing to their unique shape, there are few detailed studies on it because the forces acting on the corresponding nodes are not very clear yet [10,11,12]. Buckling restrained braces (BRBs) have been developed to overcome buckling of the traditional braces and used in seismic protection [13,14,15]. Similarly, viscous dampers (VDs) have been utilized as a passive energy dissipating device for seismic protection of the structures. Both BRBs and VDs are capable of controlling the deformations developed in steel frames by dissipating the energy or increasing the stiffness [16,17,18,19,20].



BRBs are designed so that no buckling occurs on the bracing provided by sufficient lateral support. In contrast to the conventional braces, they exhibit more stable and symmetrical hysteretic behavior under cyclic compression and tension generated by earthquakes. Because of such superior properties, BRBs have been the subject of various studies in the literature [21,22,23]. For example, Lin et al. [21] evaluated the seismic performance of eccentrically braced frames and buckling restrained braced frames in comparison with that of ordinary moment-resisting frames. Deulkar et al. [22] explored the effects of BRB with varying length and core area on the design of five-story steel frames. Both of the variables studied seemed to be quite effective on the type of the braces. In the study of Di Sarno and Elnashai [23], the seismic performances of special concentrically braced frame, buckling restrained braced frame, and mega braced frame were investigated. Recently, Jamkhaneh et al. [24] and Hosseinzadeh and Mohebi [25] modified ordinary BRBs to enhance the characteristics by virtue of which instability of the core is minimized, whereas the energy dissipation capacity is maximized. Fahaminia and Zahrai [26] utilized the buckling restrained knee braces with the shape memory alloy core to reduce the residual deformations of the frames.



The use of VDs in the seismic protection of the structures relies on a general approach in decreasing the negative effects of earthquakes. Its primary function is to reduce the structural response by dissipating the energy within the dampers, thus significantly decreasing the potential damage in the framing system during an earthquake [27,28]. Conventional use of VDs as a seismic protection device was investigated by means of experiments and numerical simulations. However, as engineers have often employed them in the seismic design of buildings, the studies on the viscous dampers were concentrated on more specific subjects such as damper positions, damper properties, intensity of ground motions, optimization for cost efficiency, and using them in tall buildings [29,30,31,32,33,34]. For example, SaiChethan et al. [29] carried out a numerical assessment of a twenty-story reinforced concrete building. The results confirmed that a significant reduction in the responses such as displacements would be possible with the introduction of fluid VDs. Prasad and Mazumder [30] investigated the seismic response of a set of steel buildings with and without VDs installed in the inner bay for the energy dissipation. VDs were reported to reduce the displacements, which in turn decreased the amount of steel needed for the overall stability. The study conducted by Balkanlou et al. [31] demonstrated that the structure with dampers could be designed optimally to justify the cost spent for the use of dampers. Using VDs to mitigate the pounding of the adjacent buildings was the subject of Milanchian and Hosseini’s research [34]. The buildings were interconnected by VDs to provide vertical seismic isolation. Silvestri et al. [33] proposed a five-step procedure for the design of VDs to achieve target levels of performances. De Demonico et al. [35] gave energy-based perspectives to interpret the seismic performance in terms of the dissipated energy by the VDs out of the total earthquake-induced energy.



Previous studies on the BRBs and VDs have focused on their uses in the form of split X, inverted V, concentric, etc. by generally overlooking their position within the frames. As mentioned above, BRBs or VDs were generally installed within the inner bays of the model frames. Moreover, the comparative assessment of them under similar conditions has not taken adequate attention. In order to justify the benefit of using BRBs and VDs in seismic protection, more research studies on the modeling approach of such systems seem to be necessary. Considering this fact, a comparative study on the use of VDs and BRBs installed within the outer bays, inner bays or all bays of the steel structures is presented in this paper. For this, the contributions of the BRBs and VDs in improving the seismic performance of the structures were examined by means of the nonlinear time history analysis under six ground motions.




2. Details of Steel Frames, Modeling and Analysis


In this parametric study, a set of three different frames was employed to investigate the seismic protection capability of BRBs and VDs. For this purpose, 4, 8, and 12-story bare structures were designed as steel moment-resisting frames (MRFs) in accordance with Eurocode-3 and Eurocode-8 [36,37]. The story height and bay width of the frames were equal to 4 and 6.5 m, respectively. The bare structures have columns of HEA sections and beams of IPE sections. The fundamental periods of 4, 8, and 12-story frames were obtained as 0.64, 1.15, and 1.54 s, respectively. Figure 1 presents the elevation views of bare frames. Moreover, the placement of the BRBs and VDs throughout the each frame elevation is given in Figure 1.



The gravity loading on the floor system is considered as the additional dead loads of 2 kN/m2 and live loads of 3 kN/m2. The yield stress and the post-yield stiffness ratio of the steel material are assumed to be equal to 235 MPa and 0.03, respectively [38,39]. The lumped plasticity approach was followed for the nonlinear behavior of the frames. Therefore, the nonlinearity considered in the numerical models of the beams and columns were restricted by the plastic hinges assigned at the end of the frame members as described in FEMA-356 [40]. Mass-and-stiffness proportional damping was also taken into account in the analysis with a 5% damping ratio. A series of nonlinear time-history analyses have been performed using SAP 2000 [41] via direct integration method with the P-Delta effect included. P-delta effect was accounted for by using a ghost column. The ghost column was made of a vertical column of truss members horizontally slaved to the frame at each level. The gravity loads for the leaner columns tributary to the analyzed frame, one-half of the gravity loads for the entire structure, were applied to the ghost column at the appropriate floor.



A detailed view of buckling restrained brace (BRB) section used in this study is given in Figure 2 [5]. The structural elements under the earthquake load have been ensured to remain within the total load core area to which they are exposed. The non-prismatic axial rigidity equations are considered to be elastic and post-elastic as k and k2, respectively [5].


  k =   A × E   l ×  (   β α  +  (  1 − β  )   )      f o r   δ <  δ y     



(1)






   k 2  =   A × E   l ×  (   β α  +  (  1 − β  )   )      f o r   δ ≥  δ y     



(2)






  δ =  f y  α A / k  



(3)




where A is the total cross-sectional area, E is the modulus of elasticity,  l  is the length of beam member, α is the ratio of the decreased cross-sectional area to the whole area, β is the ratio of the length of the decreased core to the whole length, and    δ y    is the deformation after yielding. In the nonlinear analyses, non-buckling bracing with a uniaxial plasticity property (see Figure 3) was modeled using a Multilinear plastic (MLP) link element in SAP 2000. Thus, MLP link creates an element that is linearly elastic up to yield after that the plastic region can be multilinear to include strain hardening. The effective stiffness assigned to the MLP link element was 30 kN/mm and a 3% strain hardening was considered.



Another seismic protection system used in the current study is the viscous dampers (VDs). Such devices were originally developed for military applications and were later used for various applications that contribute to shock and vibration isolation such as energy-absorbing buffers, channel lock buffers, and offshore oil pillar suspension. Liquid VDs work on the principle of the flow of viscous liquid through the holes as seen in Figure 4a [30]. The VDs typically consist of a perforated piston head located in a cylinder filled with a highly viscous liquid. When the piston head moves into the liquid, the energy is distributed by directing the liquid into the damper. The fluid in the cylinder is virtually incompressible, and when the damper is subjected to a compression force, the volume of fluid in the cylinder decreases as a result of the piston rod region movement. A reduction in volume results in restoring force.



The general force–velocity relationship of nonlinear viscous models (Figure 4b) can be expressed mathematically by Equation (4), where Cd is the damping coefficient, α is the velocity exponent, ud is the dashpot displacement, and sgn represents the signum function. Thus the peak force Fd0 of a viscous damper is obtained as in Equation (5) under a harmonic displacement excitation of ud(t) = ud0sin(ωt),


   F d   ( t )  =  C d     {   u ˙   ( t )   }   α  s g n  (   u ˙   ( t )   )   



(4)






   F  d 0   =  C d    ( ω  u  d 0   )  α   



(5)




where ud0 and ω are the peak displacement amplitude and the circular frequency of the sinusoidal excitation, respectively. The value of α characterizes the viscous material and, in turn, the behavior of the viscous damper. With α = 1, the device is called linearly viscous damper, while dampers with α > 1 have not been seen often in practical applications. For seismic design applications of frame buildings, the capability of limiting the damper force output under high-velocity pulses is often desirable. Therefore, for seismic applications, α is often selected such that α < 1 [30,42].



The Maxwell model has been found to represent well both the axial stiffness and frequency dependency of a viscous damper under dynamic loading [43,44,45]. The hysteretic behavior of VD described by spring and dashpot in series as Maxwell model (see Figure 4c) was analytically modeled in the study of Akcelyan et al. [46]. The force Fd at the nonlinear dashpot and spring (Fs) are equal; therefore, the constitutive rules within a Maxwell model can be written as in Equations (6)–(8). in which um, ud, and us are the total, dashpot, and spring displacements, respectively (see Figure 4c). The constitutive equation that describes the force and total velocity relation within a Maxwell model can be obtained if Equations (6) and (7) are substituted into Equation (8). For a nonlinear viscous damper, this equation is achieved as in Equation (9).


   F d   ( t )  =  F s   ( t )  =  K s   u s   ( t )   



(6)






   u m   ( t )  =  u d   ( t )  +  u s   ( t )   



(7)






    u ˙  m   ( t )  =   u ˙  d   ( t )  +   u ˙  s   ( t )   



(8)






  F  ’ d  =  (    u ˙  m   ( t )  − s g n (  F d   ( t )     (     |   F d   ( t )   |     C d     )     1 α     )   K s   



(9)







In accordance with the previous studies [30,33,46] the hysteretic behavior of VD described by the spring and dashpot in series was analytically modeled by using a nonlinear link element (i.e., damper) in SAP 2000. Therefore, the damper used in this analysis was a Taylor damper device with reference no RT50DH50 having the properties of the VD as the damper coefficient of 310 kNs/m, damper exponent of 0.52, stiffness of 30 kN/mm, and weight of 42 kg [30].



The frames were considered to be located in a very seismically active area and they were evaluated by using various ground motions extracted from the PEER [47] strong motion database with the following characteristics: the rupture distance (Rrup) is lower than 8.5 km, magnitude of the earthquake (Mw) is between 6.54 and 7.62, and Peak ground acceleration (PGA) is higher than 0.4 g. The properties of the six earthquake records, namely Cape, Gazlı, Northridge, Hills, Chi-Chi, and Tabas are given in Table 1. Moreover, they were scaled based on ASCE 7-10 [48]. The frames with and without BRBs and VDs were examined by means of the nonlinear time history analysis under the given earthquakes.




3. Verification of Analytical Models


In this section, the SAP 2000 model is verified through the related experimental results. For this, the studies of Palmer et al. [49] and Christopulos [50] were utilized. They conducted the experimental work to address the performance of BRB connections in realistic framing systems and to develop a design methodology that ensures the ductility of BRB frame systems. The test program included the full-scale, single-bay, single-story planar BRB frames with the geometry of 3.68 m column spacing and story height as shown in Figure 5 [50]. The structural sections were used for the beams (W16 × 45) and columns (W12 × 72). The BRBs had a total length of 3.6 m, a 19 × 162 mm rectangular core plate with a length of 2.34 m, and a 250 × 250 × 6 mm steel tube restrainer casing with infill grout. A constant axial force of 780 kN was applied to both columns, which simulated gravity load from upper stories and limited column uplift. The experimental results are presented in Figure 5 as the story-shear force vs. drift response to represent the hysteretic behaviors of the frames with BRB05 and BRB01, respectively. Similarly, the numerical modeling of the frames with the aforementioned properties was performed through SAP 2000 in line with the experimental program. The results obtained from SAP 2000 are also presented in Figure 5. Comparisons between the experimental results with those obtained from the SAP 2000 models indicated that the developed SAP 2000 models were able to simulate the hysteretic behavior of the BRB-steel frames with good accuracy.



To test the performance of the SAP 2000 model containing the viscous damper, the research of Constantinou and Symans [44,51] was used. They conducted an experimental work on the seismic response of buildings upgraded with supplemental viscous dampers. For this purpose, the frame scaled to 1:4 size (Figure 6a) was designed as a one-story small structural system and tested on a shaking table simulating the natural earthquake scenarios. The damper used was a linear damper with α = 1 and a damper coefficient of 15.45 Ns/mm. The effect of viscous dampers on the behavior of the structural system to which they are attached is illustrated in graphs of the time history of the energy dissipated by various mechanisms in the structure. Figure 6b shows the energy time histories for the one-story structure subjected to the Taft earthquake. The input energy (E) and the energy dissipated by the viscous damper (Ed) are compared. It was observed that numerical model by SAP 2000 agreed well the experimental results.




4. Results and Discussion


4.1. Variation of Displacement with Story Level


Variations of the displacements over the four-story steel frames with and without protective systems are depicted in Figure 7. The figures provided herein corresponded to the maximum and minimum displacement demands of the original frame, respectively. For instance, the Tabas earthquake gives the highest displacement of 22 cm, while the Hills earthquake results in the minimum displacement of 7 cm in the four-story models. When the VDs and BRBs were introduced to the bare frames, the relative displacements reduced remarkably from 22 cm to 5 and 7 cm, respectively. Thus, the lateral displacement demand decreased by about 77% and 68% by using VDs and BRBs, respectively. Hence, the contribution of BRB was 9% lower than that of VD as long as the reduction in the lateral displacement was taken into account. For a given protective system, the configuration has played a marked role. The all-bay systems of VDs or BRBs had better performance in reducing the displacement demand than the inner and the outer configurations.



As seen in Figure 8, the maximum and minimum lateral displacements over the eight-story bare frames were 55 and 23 cm, respectively, which were achieved under the Chi-Chi and Tabas earthquakes. The most effective seismic device configuration seemed to be the all-bay system, irrespective of the ground motion exerted. As seen in Figure 8a, use of the VD and the BRB in all-bay systems provided 80% and 72% lower displacements, respectively, which decreased to 76% and 67% as long as the outer-bay system was employed. Moreover, Figure 8b suggests the effects of using VDs and BRBs to decrease the lateral displacement by about 48% and 30%, respectively. Therefore, it was clear that the rate of influence of using protective systems varied on the basis of the earthquake type.



Figure 9a presents the maximum displacement demand for the 12-story frames under the Northridge earthquake. The Tabas earthquake, which yielded the maximum displacement demand in the case of four-story frames, provided the minimum values for both 8- and 12-story models. Like four-and eight-story frames, the all-bay configuration of both VDs and BRBs suggested the most favorable pattern. The former and the latter caused the maximum displacement of 70 cm to decrease to about 25 and 30 cm, which corresponded to 64% and 57% less lateral displacement demand, respectively. Those contributions of VD and BRB appeared to lessen in the case of inner and the outer-bay systems. For the latter, the effect of VD was 56%, while that of BRB was only 44% under the Northridge earthquake. Therefore, when the seismic protection pattern switched from the all bay to the outer bay, the VD and BRB had a lower influence by as much as 8% and 11%, respectively, on decreasing the lateral displacement. Moreover, the VDs showed better performance compared to the BRBs of the same configuration. It was noticeable that the percentage of the displacement reductions by using the seismic protection systems in the four-story model were higher than those in the eight-story model; hence, these reduction values in 8-story were higher than 12-story. Therefore, the VD and BRB systems have many effects on the reduction of displacement demand of the buildings under near-fault motions, so that these effects seemed to be considerable in small buildings in comparison with high-rise buildings.




4.2. Variation of Interstory Drift Ratio with Story Level


Interstory drift ratios for the models with and without seismic protection devices in 4, 8, and 12-story frames are shown in Figure 10, Figure 11 and Figure 12, respectively. The figures presented herein consist of the bare frames with maximum and the minimum drifts under a ground motion. In the four-story frames, as seen in Figure 10, the Tabas and the Chi-Chi earthquakes gave the maximum and the minimum interstory drifts of 0.60% and 1.65%, respectively. Irrespective of the excitation, the models experienced the highest drift at the second floor. The effects of using VD and BRB were to decrease the interstory drift. Indeed, the VDs provided 66% less interstory drift ratio at the second floor, while that of BRB was about 60%. Interestingly the influence of seismic protection pattern appeared to be almost negligible on the interstory drift unlike that seen in the lateral displacement. It can be observed in Figure 11 and Figure 12 that the integration pattern of those devices was more recognized. The all-bay system resulted in the highest contribution in reducing the interstory drift. Unlike the four-story one, the highest drift occurred in the third floor of the 8 and 12-story models. The VD and BRB reduced the interstory drift by 78% and 67%, respectively, in the former and 62% and 55%, respectively, in the latter. According to descriptions expressed in the case of drifts, a dramatic difference was not observed in the interstory drifts after utilizing the seismic protection devices in all models, even under increasing floor numbers under severe near-fault motions. Moreover, they seemed to be very effective in the reduction of building deformations and solve the problem in relation to the high drifts that were induced by increasing the floor numbers as well as the near-fault excitations.




4.3. Maximum Interstory Drift Ratio (IDR) and Maximum Roof Drift Ratio (RDR)


When the studies in the literature are examined, the maximum interstory drift ratio (IDR) is generally accepted as one of the basic criteria to determine the general seismic performance. Moreover, IDR is considered as the ultimate limit state boundary condition during the design of a structure. Therefore, this parameter is quite essential when evaluating structural systems under lateral forces. FEMA 273 [52] and Vision 2000 [53] suggest the following limits for the performance levels: (a) Immediate Occupancy (IO) with 1% drift, (b) Life Safety (LS) with 2% drift, (c) Collapse Prevention (CP) with 2.5% drift, and (d) Near Collapse (NC) with 3%. Figure 13 presents the maximum interstory drift ratios for the 4, 8, and 12-story models. It was observed that the IDR values of 1.6%, 2.25%, and 1.45% were monitored in the case of 4, 8, and 12-story bare frames, respectively, which were dominated by the Tabas, Chi-Chi, and Northridge earthquakes, respectively. It was evident that none of the original models in this study satisfied the immediate occupation limit state. When the BRBs and VDs were integrated into the 8- and 12-story frames, the dominating earthquakes shifted to the Cape and the Hills earthquakes, respectively, while there was no change in the prevailing earthquake in the case of the four-story frame. Moreover, all of the structures considered fell within the limit state of immediate occupancy. The change in BRB or VD configurations had a rather small effect on the maximum IDR of four- and eight-story structures, while this effect became more evident with raising the story level as observed in 12-story structure.




4.4. Variation of Maximum Absolute Acceleration with Story Level


During an earthquake, the structures suffer damage, mainly because of the relative variation of maximum absolute acceleration with story level displacement of building stories to each other and acceleration developed at the building floors. The role of seismic protection, therefore, is to decrease the absolute acceleration. In this section of the present paper, the maximum acceleration of each building floor as an important parameter in assessing the effectiveness of the protective systems under the near-fault earthquake excitations are discussed. Figure 14a,c show the absolute acceleration distribution of each story at 4-, 8-, and 12-story buildings, respectively, for the bare and VD and BRB modified models.



It can be observed in Figure 14 that the responses of the maximum acceleration in each floor of VD and BRB modified buildings were remarkably reduced compared to the original building structures. The highest absolute acceleration always took place on the top floor of the four-story building irrespective of the ground motion as well as the seismic protection devices provided. However, the 8- and 12-story models experienced the maximum absolute acceleration in the middle floors as well as in the top floor. The average value of reduced floor accelerations from the three models was as high as 65% and 49% when the VD and BRB were employed in the all-bay configurations. The effect of the protective system pattern was not recognized in the 4-story model, while it was quite noticeable as the floor numbers increased to 8 and 12. When the buildings had the outer-bay system, the reducing effect of VD in the floor acceleration decreased by as much as 10%. Similarly, using BRB in the outer-bay system seemed to have almost 5% less effectiveness. Therefore, the upgrading of the frames lessened the absolute acceleration by as much as 65% such that the higher the story numbers, the greater reduction in this parameter. In line with the other seismic responses, the effect of using VDs was more noticeable compared to the BRBs. The absolute accelerations of the buildings varied with the configuration of the seismic protection.




4.5. Maximum Base Shear


The base shear of the structural systems with and without seismic protection devices under the effects of the ground motions is presented in Figure 15. Basically, in each bare structure, different earthquake records led to different maximum base shears. Indeed, the Tabas, Chi-Chi, and Northridge earthquakes dominated the base shear of the 4-, 8-, and 12-story buildings, respectively. It can be seen in Figure 15a that the maximum base shear of 1380 kN in the four-story buildings was obtained under the Tabas earthquake that was followed by the Northridge and Cape earthquakes with associated base shears of 1175 and 1150 kN, respectively. After the bare frames had been upgraded with BRBs, the base shear decreased to as low as 820 kN, regardless of the installment pattern of the device, under the Tabas EQ. Similarly, the use of VDs caused the base shear to decrease to about 775 kN under the Tabas EQ. This finding provided a 40% and 44% reduction in the base shear of the frames with BRBs and VDs, respectively. In the case of eight-story buildings, as seen in Figure 15b, the Chi-Chi earthquake led to the highest base shear of the bare frames as 1650 kN. However, the BRB and VD upgraded frames had base shears of almost 800 and 750 kN under the same earthquake record, respectively, which in turn indicated 51% and 55% reductions. It was observed in Figure 15c that the 12-story bare frame had the highest base shear of 1650 kN under the Northridge earthquake. When the BRBs and VDs in the all-bays systems were employed, the base shear of the frames under the same earthquake reduced to about 900 and 850 kN. The use of BRB and VD in the frames provided a 45% and 48% less base shears, respectively. Moreover, the base of the buildings was not affected remarkably by the seismic protection device configuration. Indeed, the difference in base shear decrease by using BRB or VD was less about 3%.




4.6. Time History of the First Story and Roof Displacements


Time history of the first and the roof story displacements in the 8-story models with BRBs and VDs placed in all-bays configurations under earthquakes showing the minimum and the maximum values are illustrated in Figure 16. It was evident that the use of VDs appears to be more effective than BRB in reducing the displacement, especially at the roof level, irrespective of the story numbers in the buildings. As seen in Figure 16, the maximum displacements at the first and the roof stories in the eight-story building were reported to be 2.5 and 21 cm, as measured under the Northridge earthquake.





5. Conclusions


In this study, a nonlinear time history analysis was conducted on a set of steel buildings under six natural ground motions by means of the SAP 2000 finite element program. The buildings selected for the analysis were 4-, 8-, and 12-story steel bare frames and upgraded frames with seismic protection devices. In order to enhance the seismic performance, BRBs or VDs were placed within the outer bay, inner bay, or all bays of the frames. The contributions of the BRBs and VDs in improving the seismic performance of the structures were examined for the inelastic response parameters of the story displacement, interstory drift ratio (IDR), roof drift ratio (RDR), acceleration on the story, base shear, and time history of the first floor and roof displacements. Keeping as the benchmark that the given values below may change for varying properties of VDs and BRBs, the following conclusions are drawn on the basis of discussions above:




	
The lateral displacement demand in the four- and eight-story models decreased by about 80% and 70% after adding the VDs and BRBs in the all-bay configuration, respectively. The contribution of BRB was almost 10% lower than that of VD as long as the lateral displacement was taken into account. In the 12-story building, this effect decreased to 64% and 57%, respectively. For a given protective device, the configuration played a marked role such that the all-bay systems of VDs or BRBs had better performance in reducing the displacement demand and the inner and the outer configurations took place thereafter. When the seismic protection pattern switched from the all bay to the outer bay, the VD and BRB had a lower influence on decreasing the lateral displacement by as much as 8% and 11%, respectively.



	
Seismic protection devices seemed to be very effective in the reduction of building deformations. The VD and BRB reduced the interstory drifts by 78% and 67%, respectively, in the eight-story models and 62% and 55%, respectively in the 12-story models.



	
The average value of reduced floor accelerations from three buildings was 65% and 49% when the VD and BRB were employed in the all-bay configurations. When the buildings had the outer-bay system, the reducing effect of VD in the floor acceleration decreased by as much as 10%.









6. Recommendations for Future Work


This study compares the performance of VD and BRB on mitigating the seismic responses of the steel structure. Therefore, the device positions and characteristics were maintained throughout the study. However, a detailed analytic process will be required to investigate the structural analysis, such as the optimal installation strategy of VD and BRB in multiple-story systems. Therefore, as further research, an optimization would be beneficial associated with the objective functions as the cost being minimized and dissipated energy that being maximized while the other seismic parameters being in the range of code provisions.



Moreover, the software utilized in this study provides accurate results for the structure without any control, but this may not be the case for controlled cases because the software uses double damping one from the link element and the other from the integration method. For this purpose, modeling the columns using the link elements would be beneficial as further research.
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Figure 1. Elevation view of the frames with none bracing and with seismic protection devices. 
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Figure 2. Section view of buckling restrained braces (BRBs) (Adapted with permission from [5]). 
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Figure 3. Uniaxial plasticity properties of bracing (Adapted with permission from [5]). 
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Figure 4. (a) Section view of viscous damper (VD), (b) idealized force–displacement relationship for VD, (c) schematic view of Maxwell model (Adapted with permission from [30]). 
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Figure 5. (a) Geometry of the BRB-testing frame (Adapted with permission from [49,50]) and verification of SAP 2000 model against the experimental results of BRB (b) BRB05 and (c) BRB01. 
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Figure 6. (a) Geometry of the VD testing frame (Adapted with permission from [44,51]) and (b) Verification of SAP 2000 model against the experimental results of VD. 
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Figure 7. Variation of displacement with story level in 4-story frames. 
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Figure 8. Variation of displacement with story level in 8-story frames. 
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Figure 9. Variation of displacement with story level in 12-story frames. 
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Figure 10. Variation of interstory drift ratio with story level in 4-story frames. 
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Figure 11. Variation of interstory drift ratio with story level in 8-story models. 
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Figure 12. Variation of interstory drift ratio with story level in 12-story frames. 
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Figure 13. The maximum interstory drift ratio in (a) 4-, (b) 8-, and (c) 12-story frames. 
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Figure 14. Variation of the maximum absolute accelerations with story level. 
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Figure 15. Maximum base shear in (a) 4-, (b) 8-, and (c) 12-story frames. 
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Figure 16. Displacement time history under (a) Gazlı and (b) Northridge earthquakes, showing the minimum and maximum values for the 8-story frames with BRBs and VDs. 
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Table 1. Properties of the ground motion accelerations.






Table 1. Properties of the ground motion accelerations.





	Name
	Year
	Mw
	Rjb (km)
	Rrup (km)
	Vs30 (m/s)
	PGA (g)
	PGV (cm/s)





	Cape
	1992
	7.01
	0
	8.2
	712.8
	0.66
	82.1



	Gazlı
	1976
	6.8
	3.9
	5.5
	659.6
	0.72
	65.39



	Northridge
	1994
	6.69
	0
	5.3
	441
	0.84
	122.7



	Hills
	1987
	6.54
	0.9
	0.9
	348.7
	0.41
	106.74



	Chi-Chi
	1999
	7.62
	0.6
	0.6
	305.9
	0.82
	127.8



	Tabas
	1978
	7.35
	1.8
	2
	766.8
	0.80
	118.29







Mw: Magnitude; Rjb: Distance of surface projection; Rrup: Distance of rupture; Vs30: Average shear velocity over 30 m; PGA: Peak ground acceleration; PGV: Peak ground velocity.
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