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Abstract

:

The seismic response characteristics of a lead-rubber-bearing(LRB) base-isolated structure under rare and very rare earthquakes were investigated. The acceleration, ductility coefficient, and shear strain of the LRB increase significantly under very rare earthquakes in comparison to rare earthquakes; in particular, the shear strain of the LRB may exceed the ultimate shear strain and cause damage to the base-isolated structure. The criterion selected for the optimum tuned inerter damper (TID) of the TID–LRB hybrid control system is the minimization of the mean value of the maximum shear strain of the LRB. For each inertance mass ratio of the TID, there exists an optimum tuning frequency ratio and damping ratio of the TID to minimize the shear strain of the LRB, and the effectiveness is increased with a higher inertance mass ratio. By equipping the TID with appropriate parameters, the safety of the LRB during rare and very rare earthquakes can be ensured. Finally, the pounding response of the base-isolated structure collision with the moat wall under very rare earthquakes was analyzed. It was observed that under very rare earthquakes, the ductility coefficients of the superstructure by equipping with the suitable TID were improved, and the shear strain of the LRB was reduced. In addition, equipping the TID can reduce the required width of the isolation joint to avoid collision between the isolation layer and the moat wall, and with an increase in the inertance mass ratio, the required width of the isolation joint is smaller.
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1. Introduction


Base-isolation technology is a widely used vibration-control method in engineering, and rubber-isolation bearing is one of the most mature techniques among them [1]. Compared with the traditional structure, the story drifts and absolute accelerations of base-isolated structures under earthquakes are effectively reduced, but the isolation bearing is significantly deformed. In addition, under strong earthquakes, the superstructure may enter a nonlinear state, resulting in an increased ductility demand [2,3,4,5]. On the other hand, the excessive horizontal displacements of the isolation bearing under strong earthquakes not only cause instability of the rubber bearings, but also cause a collision between the isolation layer and the surrounding moat wall [6]. Some tests and numerical studies have shown that the collision between the isolation layer and moat wall may lead to the yield of the superstructure and increase the probability of structural collapse [7,8,9]. In the “Seismic Ground Motion Parameters Zonation Map of China” (regulation GB 18036-2015) [10], a “4-level ground motion” was proposed by adding the very rare ground motion on the original “3-level ground motion”. The horizontal displacements of the isolation bearings and dynamic responses of the superstructure may increase significantly under very rare earthquakes, which increases the possibility of damage to the base-isolated structure and collision with adjacent structures.



To effectively control the horizontal displacement of the isolation bearing and story drifts of the superstructure under strong earthquakes, a base-isolated structure is often equipped with a certain number of dampers to form a passive, active, or semi-active hybrid control system. Inertia-based dampers have recently gained popularity in structural-vibration control owing to their significant mass-enhancement effect. Ikago et al. [11] proposed a new seismic-control device composed of an inerter, a damper, and a spring, called a tuned viscous mass damper (TVMD), and the effectiveness of the TVMD for seismic excitation was verified by numerical analyses and shake-table tests. This is the first real energy-dissipation system of an inerter–damper–spring network. Lazar et al. [12] proposed a new system of the tuned inerter damper (TID) based on the inerter instead of the mass element in the TMD and demonstrated that the performance could potentially be improved. Saitoh [13] assessed three types of systems incorporating a gyro-mass and presented the performance of a so-called “gyro-mass” provided for mitigating displacements of base-isolation systems. Domenico et al. [14,15] proposed a tuned mass-damper inerter (TMDI) and determined its optimal parameters based on a probabilistic framework. Sun et al. [16] introduced the H2 norm performances of ID- and TID-based isolation systems and obtained closed-form solutions for the optimal parameters of TID. Feng et al. [17] proposed two types of base-isolation systems with TID in serial or parallel to enhance the seismic-isolation performance of the traditional base-isolation system, and optimally tuned the TID isolation systems using the H2 norm criterion. Ye et al. [18] derived close-form solutions for the modal characteristics and seismic response of a base-isolated structure equipped with additional inerters by the modal-superposition method and carried out an extensive parametric study to investigate the effect of supplement inerters on both the modal characteristics and seismic response of the structure–isolator–inerter system. Jangid [19] studied the optimum damping- and tuning-frequency ratio of a tuned inerter damper (TID) for a base-isolated structure using a numerical-searching technique under stationary white-noise and filtered white-noise earthquake excitation. In these studies on TID, the superstructure of the base-isolated structure was always transformed into a linear–elastic single-degree-of-freedom system, and the seismic was always considered a single-level ground motion. It is necessary to consider the possibility of the superstructure entering a nonlinear state under strong earthquakes and the effectiveness of the TID under multilevel earthquakes, such as rare earthquakes and very rare earthquakes. Furthermore, if the base-isolated structure collides with the moat wall, the performance of the TID is a problem worthy of attention.



In this study, two systems were considered and compared, namely, a BIS system (only an LRB base-isolated structure) and a TID–LRB hybrid control system (an LRB base-isolated structure with TID). Multilevel earthquakes were introduced creatively. The different failure modes of the BIS system when there existed no collision or collision with a moat wall were investigated. For the TID–LRB hybrid control system, the optimum parameters and the effectiveness of the TID under multilevel earthquakes were studied. In particular, the research on the effectiveness of the TID on the control of the pounding responses of the base-isolated structure is another innovation. The remainder of this paper is organized as follows. The next section provides the equations of motion of the TID–LRB hybrid control system and provides the ground-motion input. Section 3 analyzes seismic responses of the BIS system under rare and very rare earthquakes and obtains the failure mode under very rare earthquakes. Section 4 determines the optimum parameters and investigates the effectiveness of the TID for the TID–LRB hybrid control system under multilevel earthquakes. Section 5 studies the pounding responses and failure mode of the BIS system collision with the moat wall and the performance of the TID in controlling the pounding responses of the base-isolated structure under very rare earthquakes. Section 6 presents the conclusions drawn from the numerical results.




2. TID–LRB Hybrid Control System


2.1. The Equations of Motion


An n-story structure with LRB base isolation and supplemental TID is considered, as shown in Figure 1. The TID is composed of an inertial device with inertance b, damper ct, and spring kt [19].    m  A i    ,    c  A i    , and    k  A i     represent the mass, damping, and elastic stiffness of the ith floor (i = 0 represents the isolation layer), respectively. The Bouc–Wen model is used to characterize the hysteretic behavior of the inter-story restoring force of the LRB and the superstructure. The expression is:


   f i  =  α i   k  A i    u i  +  (  1 −  α i   )   k  A i    d  y i    Z i  ,  



(1)




where αi represents the ratio of the post-yielding to pre-yielding stiffness of the ith floor, assumed as 0.1;    u i    is the inter-story displacement of the ith floor;    d  y i     is the yield inter-story displacement of the ith floor; and    Z i    is the nondimensional hysteretic displacement component of the ith floor that satisfies the following equation:


    Z ˙  i  =  A i      u ˙  i     d  y i     −  β i   |      u ˙  i     d  y i      |     |   Z i   |     η i  − 1    Z i  −  γ i      u ˙  i     d  y i        |   Z i   |     η i     



(2)




where    A i   ,    β i   ,    γ i   , and    η i    are the dimensionless parameters. In this study,   A = 1  ,   β = γ  = 0   . 5   , and   η = 2  .



The governing equations of motion of the TID–LRB hybrid control system excited by ground acceleration are as follows:


    m  A n     x ¨  n  +  c  A n   (   x ˙  n  −   x ˙   n − 1   ) + α  k  A n   (  x n  −  x  n − 1   ) + ( 1 − α )  k  A n    d  y n    Z n  = −  m  A n     x ¨  g        m  A i     x ¨  i  +  c  A i   (   x ˙  i  −   x ˙   i − 1   ) + α  k  A i   (  x i  −  x  i − 1   ) + ( 1 − α )  k  A i    d  y i    Z i  −  c  A ( i + 1 )   (   x ˙   i + 1   −   x ˙  i  ) − α  k  A ( i + 1 )   (  x  i + 1   −  x i  ) − ( 1 − α )  k  A ( i + 1 )    d  y ( i + 1 )    Z  i + 1   = −  m  A i     x ¨  g        ( i = 1 , … , n − 1 )       m  A 0     x ¨  0  +  c  A 0     x ˙  0  + α  k  A 0    x 0  + ( 1 − α )  k  A 0    d  y 0    Z 0  −  c  A 1   (   x ˙  1  −   x ˙  0  ) − α  k  A 1   (  x 1  −  x 0  ) − ( 1 − α )  k  A 1    d  y 1    Z 1  +  c t  (   x ˙  0  −   x ˙  t  ) +  k t  (  x 0  −  x t  ) = −  m  A 0     x ¨  g     b   x ¨  t  +  c t  (   x ˙  t  −   x ˙  0  ) +  k t  (  x t  −  x 0  ) = 0   



(3)




where    x t   ,    x 0   , and    x i  ( i = 1 , … , n )   are the displacements of the TID, LRB, and superstructure relative to the ground, respectively.



The mass of the superstructure is    m s  =  m  A 1   +  m  A 2   + ⋅ ⋅ ⋅ +  m  A n    ; the total mass and weight of the base-isolated structure are    m  a l l   =  m  A 0   +  m s    and   W =  m  a l l   g  , respectively; the uncoupled natural frequency, natural period, and damping ratio of the base-isolated structure are    ω b  =      α 0   k  A 0    /   m  a l l        ,    T b  = 2 π /  ω b   , and    ξ b  =  c   A 0    / ( 2  m  a l l    ω b  )  , respectively; the inertance mass ratio is    R Z  = b /  m  a l l    ; the stiffness and damping of the TID are    ω t  =      k t   / b      and    ξ t  =    c t   /  ( 2 b  ω t    )  , respectively; the frequency ratio is   f =    ω t   /   ω b     ; and the yield-strength ratio of the base-isolated structure is expressed as    q b  =  Q b  / (  m  a l l   g )  , where    Q b    is the yield shear force of the LRB.



The superstructure of the base-isolated structure is a five-story reinforced concrete-frame structure, and mA1 = mA2 = mA3 = mA4 = mA5 = mA0. The inter-story elastic stiffness of different floors is taken as kA1 = kA2 = kA3 = kA4 = kA5 = k. The value of k is selected to provide the fundamental period of the fixed-base superstructure as 0.5 s. The yield-strength coefficient of each floor is evenly distributed along the height, and the yield shear force of each floor is proportional to the elastic earthquake-action force calculated according to the rare ground motion, which is considered to be Fy1 = F, Fy1 =      14   15    F, Fy1 =      12   15    F, Fy1 =     9  15    F, and Fy1 =     5  15    F. The modal damping ratio is assumed as 0.05 in all modes of vibration [20].



It is assumed that only one specification of the LRB is used for convenience in parameter research. The following relationship [4] can be established between the isolation period    T b    and the vertical compressive stress of the bearing σ, the thickness TR of the rubber inside the bearing, and the shear modulus of the rubber G:


   T b   = 2  π     σ  T R    G g     ≈ 2  . 0      σ  T R   G     



(4)







Considering G = 0.4 MPa and σ = 12 MPa,    T b    is assumed to be 3.0 s, 3.5 s, and 4.0 s, and the corresponding TR are calculated to be 75, 102, and 133 mm, respectively. The mechanical properties of the LRB can be described by the parameters of isolation period    T b   , yield-strength ratio    q b   , yield displacement    d  y 0    , and damping ratio    ξ b   . It is considered that    T b    = 3.0 s, 3.5 s, and 4.0 s;    q b    = 0.06;    d  y 0     = 7.5 mm; and    ξ b  = 0.15  .




2.2. Ground-Motion Input


For the case of 8 degrees (0.3 g) of seismic precautionary intensity, class II site category, and earthquake group II [21], the peak acceleration of the design ground motion, rare ground motion, and very rare ground motion are 0.300 g, 0.570 g, and 0.870 g, respectively, and the corresponding design characteristic period is 0.40 s, 0.45 s, and 0.45 s respectively. A rare earthquake is an earthquake corresponding to the exceedance probability of 2% in 50 years, and a very rare earthquake corresponds to an earthquake with an annual exceedance probability of 10−4. Sixteen far-field earthquakes, recommended by ATC-63 [22], were selected as the input. The basic information of these selected ground motions is presented in Table 1. Before the time-history analysis, SeismoMatch [23] was used to adjust the ground motions. Figure 2 shows a comparison between the normalized response spectrum and the fitted mean response spectrum. It can be observed that the fitting effect was good.





3. Seismic Response and Failure Mode of BIS System


Seismic responses of the BIS system under rare and very rare earthquakes were analyzed and compared. Then the failure mode of the BIS system under very rare earthquakes was obtained.



3.1. Definition Indices of Seismic Response


The maximum acceleration    a  m i j     (   a  m i j   = m a x  |   a  i j    |   ), maximum inter-story drift    u  m i j     (   u  m i j   = m a x  |   u  i j    |   ), ductility coefficient    μ  m i j     (   μ  m i j   = m a x  |   a  i j    |  /  d  y i j    ) of the ith floor, and maximum shear strain    γ  m i j     (   γ  m j   = m a x  |   u  m 0 j    |  /  T R   ) of the LRB under the jth ground motion were defined. The following indices of seismic responses, which are the mean value of maximum acceleration    a  m i    , mean value of maximum inter-story drift    u  m i    , mean value of maximum ductility coefficient    μ  m i     of the ith floor, and mean value of maximum shear strain of LRB    γ m   , are expressed as


    a  m i   =     ∑  j = 1    N g      a  m i j        N g      ,  u  m i   =     ∑  j = 1    N g      u  m i j        N g      ,  μ  m i   =     ∑  j = 1    N g      μ  m i j        N g      ,  γ m  =     ∑  j = 1    N g      γ  m j        N g      



(5)




where    N g  = 16  . According to previous research, the ultimate collapse state of the superstructure is μ = 10 [24]; for LRB, γ = 450% corresponds to the ultimate shear strain.




3.2. Seismic Response and Failure-Mode Analysis


In Figure 3, Figure 4 and Figure 5, the mean values of the maximum accelerations and maximum ductility coefficients of the BIS system with different isolation periods under rare and very rare earthquakes are shown. It can be seen that the acceleration and ductility coefficient increased significantly under very rare earthquakes compared to the responses under rare earthquakes. Under rare earthquakes, the superstructure was in a linear elastic state; however, under very rare earthquakes, the superstructure entered a nonlinear state. Comparing the results in Figure 3, Figure 4 and Figure 5, it can be observed that a long isolation period reduced the acceleration, ductility coefficient, and plastic deformation of the superstructure under very rare earthquakes.



The mean values of the maximum horizontal displacement and shear strain of the LRB with isolation periods of 3.0 s, 3.5 s, and 4.0 s under rare and very rare earthquakes are listed in Table 2. With an increase in the isolation period, the horizontal displacement of the LRB gradually increased, whereas the shear strain gradually decreased. The isolation period is proportional to the thickness of the rubber inside the bearing. Under the same earthquake, the longer the isolation period was, the larger the horizontal displacement of the isolation bearing was. For the shear strain of the isolation bearing, although the horizontal displacement of the isolation bearing became larger, the thickness of the rubber also increased, resulting in a reduction in the shear strain of the isolation bearing. The maximum shear strains of the LRB exceeded the ultimate maximum shear strain (450%) under very rare earthquakes, resulting in failure of the LRB.





4. Optimum TID for TID–LRB Hybrid Control System


4.1. Description of Optimization Problem


From Section 3, the LRB of the BIS system had a very large horizontal displacement and shear strain under rare and very rare earthquakes. In particular, the LRB may be damaged during very rare earthquakes. Therefore, it is necessary to consider the TID–LRB hybrid control system. The criterion for the optimality of the TID was the minimization of the mean value of the maximum shear strain of the LRB under rare earthquakes. On this basis, the effectiveness of the TID on controlling the seismic responses of the base-isolated structure under very rare earthquakes was studied. Two dimensionless quantities of performance indices were defined, namely,    R 1    and    R 2   :


    R 1  =    γ m     γ  m 0       ,  R 2  =    μ  m 1      μ  m 10     ,   



(6)




where    R 1    and    R 2    represent the response ratio of the mean value of the maximum shear strain of the LRB and the mean maximum ductility coefficient of the first floor of the superstructure, respectively;    γ m    and    μ  m 1     represent the mean value of the maximum shear strain of the LRB and the mean maximum ductility coefficient of the first floor of the TID–LRB hybrid control system, respectively; and    γ  m 0     and    μ  m 10     represent the mean value of the maximum shear strain of the LRB and the mean maximum ductility coefficient of the first floor of the BIS system, respectively. Thus, the problem of optimizing the design of the TID can be expressed by the following mathematical expression:


   Find    R  Z , o p t     ,  ξ  t , o p t     ,  f  o p t      Minimize    R 1    












4.2. Parametric Study


The parametric study method was used to analyze the influence of the three parameters of the TID on    R 1   . The range of    R z    was (0.05, 0.6), the range of    ξ t    was (0.05, 0.4), and the range of f was (0.5, 1.2).



In Figure 6, Figure 7, Figure 8 and Figure 9, the variation of    R 1    against    ξ t    and f under rare earthquakes for the TID–LRB hybrid control system with an isolation period of 3.5 s is shown, where    R z    is 0.05, 0.1, 0.2, and 0.4, respectively. When    R z    and    ξ t    were constant, with an increase in f,    R 1    first decreased and then increased, and there existed an optimal value f at which the minimum value of    R 1    could be obtained. When    R z    and f were constant and f was small,    R 1    decreased with an increase in    ξ t   ; when f was large,    R 1    decreased first and then increased with an increase in    ξ t   , and there existed an optimal value    ξ t    to obtain the minimum value of    R 1   . For each value of    R z   , there existed an optimal value of    ξ t    and f to obtain the minimum value of    R 1   .



In Table 3, Table 4 and Table 5, the optimization parameters of the supplemental TID for the TID–LRB hybrid control system are presented. For the isolation periods of 3.0 s, 3.5 s, and 4.0 s, the seismic responses of the base-isolated structure were analyzed under rare earthquakes and very rare earthquakes. With an increase in    R z   , the optimal parameter    ξ  t , o p t     tended to increase; in contrast,    f  o p t     showed a decreasing trend. With an increase in    R z   ,    R 1    gradually decreased, indicating a better control on the horizontal displacement and shear strain of the LRB. The optimization results show that the supplemental TID can not only reduce the shear strain of the LRB, but also reduce the superstructure ductility coefficients. However, the control effect on the ductility coefficients of the superstructure was weakened by the larger    R z   .



Comparing the effectiveness of the TID under rare and very rare earthquakes, although the optimal parameters of the TID were obtained under rare earthquakes, the TID also controlled the shear strain of the LRB and the superstructure ductility coefficients under very rare earthquakes well. In particular, the effectiveness of the TID on the superstructure ductility coefficients under very rare earthquakes was better than that under rare earthquakes. It can also be seen from Table 3, Table 4 and Table 5 that for the base-isolated structure with isolation periods of 3.0 s, 3.5 s, and 4.0 s, when the value of    R z    was greater than a certain value, and both    ξ t    and f took the optimal value, the mean value of the maximum shear strain of the LRB under very rare earthquakes was less than the ultimate shear strain of 450%, ensuring that the LRB would not be damaged during very rare earthquakes.



The variation in the mean value of the maximum displacement and maximum force of the TID against    R z    under rare earthquakes is shown in Figure 10. The mean value of the maximum displacement gradually decreased with an increase in    R z   , and the mean value of the maximum force gradually increased with an increase in    R z   . The longer the isolation period, the greater the displacement and corresponding force of the TID.





5. Pounding Response Analysis


The horizontal displacement and shear strain of the LRB can be reduced using the TID. Table 6, Table 7 and Table 8 list the mean values of the maximum horizontal displacement and shear strain of the LRB under rare and very rare earthquakes. The horizontal displacement of the LRB under very rare earthquakes greatly increases compared to that under rare earthquakes. The width of the isolation joint between the isolated structure and the surrounding moat wall is always determined by the horizontal displacement of the LRB during rare earthquakes. Thus, the isolation layer of the base-isolated structure with or without the TID may collide with the moat wall under very rare earthquakes.



The maximum horizontal displacement of the LRB for the BIS system under the jth rare earthquake is denoted as Dmaxj, which is used as the reference displacement for the study of the collision with the moat wall under very rare earthquakes. The widths between the base-isolated structure and the moat wall on the left and right sides are equal, and are denoted by ds. When ds is 1.0 Dmaxj, 1.1 Dmaxj, 1.2 Dmax, etc., the pounding responses of the maximum acceleration, maximum inter-story drift, and ductility coefficient of the ith floor for the base-isolated structure under the jth very rare earthquake are denoted as    a  i j    ,    u  i j    , and    μ  i j    , respectively. Under the earthquakes selected in Section 1.2, the mean value of the maximum pounding responses of the base-isolated structure can be obtained using Formula (5) as ds increases to different degrees relative to Dmax.



5.1. Pounding Responses and Failure Mode of BIS System


Pounding responses of the BIS system collision with the moat wall under very rare earthquakes were analyzed. In Figure 11, Figure 12 and Figure 13, the mean values of the maximum accelerations and ductility coefficients of the BIS system with different isolation periods under very rare earthquakes are shown. The acceleration of the isolation layer that collides with the moat wall is increased, but the accelerations of the superstructure are nearly unaffected by the collision. The ductility coefficients of the superstructure increases significantly, particularly when the width of the isolation joint is small. The ductility coefficients of some floors exceed 10, which could cause the collapse of the superstructure. With the gradual increase in ds from 1.0Dmax, the acceleration of the isolation layer and ductility coefficients of the superstructure gradually decrease until there is no collision between the isolation layer and moat wall, and the seismic responses of the base-isolated structure decrease to the seismic responses without collision.



The variation in the mean value of the maximum shear strain of the LRB against ds considering pounding under very rare earthquakes is shown in Figure 14. When ds is small, the horizontal movement of the LRB is limited by the moat wall. Therefore, the maximum horizontal displacement of the LRB is equal to ds. The corresponding maximum shear strain of the LRB is the ratio of ds to the thickness of the rubber TR. With an increase in ds, the horizontal displacement and shear strain of the LRB also increase. Until there is no collision between the isolation layer and moat wall, the horizontal displacement and shear strain of the LRB remain constant, which is equal to that in the case of no collision.



When ds is small, the setting of the moat wall can limit the horizontal displacement and shear strain of the LRB, but the acceleration of the LRB and the ductility coefficients of the superstructure may increase, which can cause the failure of the superstructure. When ds is large, the maximum shear strain of the LRB may exceed the ultimate shear strain, resulting in the failure of the LRB.




5.2. Pounding Responses of TID–LRB Hybrid Control System


For the TID–LRB hybrid control system, the pounding responses under very rare earthquakes are different for different values of    R z   . The pounding responses of the base-isolated structure with an isolation period of 3.5 s are shown in Figure 15, Figure 16, Figure 17, Figure 18 and Figure 19. Compared with the pounding responses of the BIS system, the mean values of the maximum accelerations and ductility coefficients of the base-isolated structure in the TID–LRB hybrid control system are reduced. When    R z    increases gradually, the mean values of the maximum accelerations and ductility coefficients decrease gradually. For the TID–LRB hybrid control system, although the base-isolated structure may still collide with the moat wall under very rare earthquakes, the ductility coefficients of the superstructure can be reduced to less than 10 by selecting appropriate parameters of the TID to prevent the collapse of the superstructure.



The pounding responses of the TID–LRB hybrid control system under very rare earthquakes are listed in Table 9, Table 10 and Table 11. The mean value of the LRB maximum shear strain    γ m   , the mean value of the LRB maximum acceleration am0, and the mean value of the ductility coefficient of the first floor    μ  m 1     were studied. Increasing the width of the isolation joint ds can reduce the pounding responses of the base-isolated structure. For the same width of the isolation joint ds, equipping with TID can reduce the pounding responses of the base-isolated structure, and with an increase in    R z   , the control effect is more obvious. The larger the value of    R z   , the better the effectiveness of the TID. In particular, when the width of the isolation joint ds is small, the base-isolated structure with TID may still collide with the moat wall under very rare earthquakes, but the ductility coefficients of the superstructure can be reduced to prevent the collapse of the superstructure by adopting appropriate parameters of the TID.



With an increase in ds, the shear strain of the LRB gradually increases until there is no collision. The bold font numbers in Table 9, Table 10 and Table 11 are the statistical results of the seismic responses without collisions, and the corresponding spacing are the required minimum widths of the isolation joint for no collision to occur. Equipping with TID can reduce the required minimum width of the isolation joint that prevents collisions. With an increase in    R z   , the corresponding spacing gradually decreases, and the mean value of the maximum shear strain of the LRB also gradually decreases until it does not exceed the ultimate shear strain of 450% to ensure the safety of the LRB.



The mean values of the maximum displacement and force of the supplemental TID under very rare earthquakes are shown in Figure 20 and Figure 21. With an increase in ds, the displacement and force of the TID gradually increase. For the same width of the isolation joint ds, with an increase in    R z   , the displacement of the TID gradually decreases and the force gradually increases. With the prolongation of the isolation period, the mean value of the maximum displacement and force of the TID gradually increase.





6. Conclusions


This research focuses on studying and comparing the seismic responses of an LRB base-isolated structure with and without the TID under rare and very rare earthquakes. In addition, the pounding responses are studied. The following conclusions are drawn from the results of this study.



	
For the BIS system, the acceleration, ductility coefficient, and shear strain of the LRB increase significantly under very rare earthquakes compared to rare earthquakes; in particular, the shear strain of the LRB may exceed the ultimate shear strain and cause damage to the base-isolated structure.



	
Prolonging the isolation period of the BIS system can reduce the acceleration, ductility coefficients, and plastic deformations of the superstructure. Furthermore, with a longer isolation period, the horizontal displacement of the LRB increases; in contrast, the shear strain of the LRB decreases.



	
For each inertance-mass ratio of the TID, there exists an optimal value of tuning frequency ratio and damping ratio to minimize the shear strain of the LRB. Although the optimal parameters of the TID were obtained under rare earthquakes, it also alleviated the seismic responses of the base-isolated structure under very rare earthquakes.



	
For the BIS system under very rare earthquakes, when the width of the isolation joint is insufficient, the moat wall can limit the horizontal displacement and shear strain of the LRB, but it may increase the acceleration response of the LRB and the ductility coefficients of the superstructure, which may cause the failure of the superstructure. The base-isolated structure with the TID may still collide with the moat wall under very rare earthquakes, but the ductility coefficients of the superstructure can be reduced to prevent the collapse of the superstructure by selecting appropriate parameters of the TID.



	
For the BIS system, when the width of the isolation joint is large, the shear strain of the LRB may exceed its ultimate shear strain, resulting in the failure of the LRB. Equipping with a suitable TID can reduce the shear strain of the LRB to not exceed the ultimate shear strain and ensure the safety of the LRB.



	
Equipping with the TID can reduce the required minimum width of the isolation joint to prevent collision. With an increase in the inertance mass ratio, the corresponding required minimum width gradually decreases.
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Figure 1. Structure model of the TID–LRB hybrid control system. 
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Figure 2. Comparison of target spectra to mean response spectra of matched ground motions. 
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Figure 3. (a) Mean value of maximum acceleration; (b) mean value of the maximum ductility coefficient of the BIS system under rare and very rare earthquakes (   T b    = 3.0 s). 
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Figure 4. (a) Mean value of maximum acceleration; (b) mean value of the maximum ductility coefficient of the BIS system under rare and very rare earthquakes (   T b    = 3.5 s). 
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Figure 5. (a) Mean value of maximum acceleration; (b) mean value of the maximum ductility coefficient of the BIS system under rare and very rare earthquakes (   T b    = 4.0 s). 
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Figure 6. Variation of the performance index    R 1    against (a) f and (b)    ξ t    under rare earthquakes (   T b    = 3.5 s,    R z    = 0.05). 
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Figure 7. Variation of the performance index    R 1    against (a) f and (b)    ξ t    under rare earthquakes (   T b    = 3.5 s,    R z    = 0.1). 
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Figure 8. Variation of the performance index    R 1    against (a) f and (b)    ξ t    under rare earthquakes (   T b    = 3.5 s,    R z    = 0.2). 
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Figure 9. Variation of the performance index    R 1    against (a) f and (b)    ξ t    under rare earthquakes (   T b    = 3.5 s,    R z    = 0.4). 
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Figure 10. Variation of mean value of TID maximum displacement and maximum force against    R z    under rare earthquakes. 
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Figure 11. Pounding responses of the base-isolated structure without TID under very rare earthquakes (   T b    = 3.0 s): (a) mean value of maximum acceleration; (b) mean value of the maximum ductility coefficient. 
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Figure 12. Pounding responses of the base-isolated structure without TID under very rare earthquakes (   T b    = 3.5 s): (a) mean value of maximum acceleration; (b) mean value of the maximum ductility coefficient. 
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Figure 13. Pounding responses of the base-isolated structure without TID under very rare earthquakes (   T b    = 4.0 s): (a) mean value of maximum acceleration; (b) mean value of the maximum ductility coefficient. 
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Figure 14. Variation of mean value of LRB maximum shear strain against ds considering pounding under very rare earthquakes. 
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Figure 15. Pounding responses of the base-isolated structure with TID under very rare earthquakes (   T b    = 3.5 s,     R z  = 0.2  ): (a) mean value of maximum acceleration; (b) mean value of the maximum ductility coefficient. 
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Figure 16. Pounding responses of the base-isolated structure with TID under very rare earthquakes (   T b    = 3.5 s,     R z  = 0.3  ): (a) mean value of maximum acceleration; (b) mean value of the maximum ductility coefficient. 
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Figure 17. Pounding responses of the base-isolated structure with TID under very rare earthquakes (   T b    = 3.5 s,     R z  = 0.4  ): (a) mean value of maximum acceleration; (b) mean value of the maximum ductility coefficient. 
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Figure 18. Pounding responses of the base-isolated structure with TID under very rare earthquakes (   T b    = 3.5 s,     R z  = 0.5  ): (a) mean value of maximum acceleration; (b) mean value of the maximum ductility coefficient. 
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Figure 19. Pounding responses of the base-isolated structure with TID under very rare earthquakes (   T b    = 3.5 s,    R z  = 0.6  ): (a) mean value of maximum acceleration; (b) mean value of the maximum ductility coefficient. 
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Figure 20. Variation of mean value of the TID maximum displacement against ds for very rare earthquakes: (a)    T b    = 3.0 s; (b)    T b    = 3.5 s; (c)    T b    = 4.0 s. 
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Figure 21. Variation of mean value of the TID maximum force against ds for very rare earthquakes: (a)    T b    = 3.0 s; (b)    T b    = 3.5 s; (c)    T b    = 4.0 s. 
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Table 1. Basic information of selected ground motions.
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	Number
	Name
	Recording Station
	Component
	Ap/g





	GM01
	Cape Mendocino
	Cape Mendocino
	RIO360
	0.549



	GM02
	Chi-Chi
	CHY01
	NS
	0.440



	GM04
	Duzce
	Bolu
	BL000
	0.728



	GM05
	Friuli
	Tolmezzo
	A-TMZ270
	0.315



	GM06
	Hector Mine
	Hector
	HEC000
	0.266



	GM07
	Imperial
	Delta
	H-DLT262
	0.238



	GM08
	Imperial
	El Centro Array#11
	H-E11230
	0.380



	GM09
	Kobe
	Nishi-Akashi
	NIS090
	0.503



	GM10
	Kobe
	Shin-Osaka
	SHI000
	0.243



	GM11
	Kacaeli
	Arcelik
	ARC090
	0.150



	GM12
	Kacaeli
	Duzce
	DZC180
	0.312



	GM15
	Loma Prieta
	Capitola
	CAP000
	0.529



	GM16
	Loma Prieta
	Gilroy Array #3
	G03000
	0.555



	GM20
	San Fernando
	LA-Hollywood Stor FF
	PEL090
	0.210



	GM21
	Superstition Hills
	El Centro Imp. Co. Cent
	B-ICC090
	0.258



	GM22
	Superstition Hills
	Poe Road
	B-POE270
	0.446
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Table 2. Mean values of the maximum horizontal displacement and shear strain of the LRB under rare and very rare earthquakes.
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BIS System

	
Rare Earthquakes

	
Very Rare Earthquakes




	
um/m

	
     γ m  / %    

	
um/m

	
     γ m  / %    






	
   T b    = 3.0 s

	
0.235 m

	
313

	
0.405 m

	
540




	
   T b    = 3.5 s

	
0.315 m

	
308

	
0.543 m

	
532




	
   T b    = 4.0 s

	
0.403 m

	
303

	
0.690 m

	
518
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Table 3. Optimal parameters and the effectiveness of the TID (   T b    = 3.0 s).
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     R Z       

	
     ξ  t , o p t        

	
     f  o p t      

	
Rare Earthquake

	
Very Rare Earthquake




	
     γ m  ( % )    

	
     R 1     

	
     μ  m 1      

	
     R 2     

	
     γ m  ( % )    

	
     R 1     

	
     μ  m 1      

	
     R 2     






	
0.05

	
0.05

	
1.025

	
299

	
0.955

	
0.895

	
0.988

	
518

	
0.958

	
2.805

	
0.920




	
0.1

	
0.1

	
0.975

	
291

	
0.927

	
0.894

	
0.987

	
505

	
0.934

	
2.723

	
0.893




	
0.15

	
0.15

	
0.90

	
283

	
0.901

	
0.894

	
0.987

	
488

	
0.904

	
2.660

	
0.873




	
0.2

	
0.2

	
0.85

	
275

	
0.876

	
0.890

	
0.983

	
475

	
0.879

	
2.563

	
0.841




	
0.25

	
0.25

	
0.85

	
268

	
0.855

	
0.885

	
0.977

	
465

	
0.862

	
2.471

	
0.810




	
0.3

	
0.3

	
0.775

	
261

	
0.834

	
0.889

	
0.982

	
453

	
0.838

	
2.455

	
0.805




	
0.35

	
0.3

	
0.775

	
256

	
0.815

	
0.894

	
0.987

	
442

	
0.818

	
2.432

	
0.798




	
0.4

	
0.3

	
0.75

	
249

	
0.796

	
0.901

	
0.995

	
431

	
0.798

	
2.440

	
0.800




	
0.45

	
0.3

	
0.75

	
244

	
0.777

	
0.911

	
1.005

	
422

	
0.781

	
2.441

	
0.801




	
0.5

	
0.3

	
0.75

	
238

	
0.758

	
0.922

	
1.018

	
412

	
0.763

	
2.445

	
0.802




	
0.6

	
0.3

	
0.75

	
228

	
0.726

	
0.949

	
1.048

	
393

	
0.729

	
2.474

	
0.812
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Table 4. Optimal parameters and the effectiveness of the TID (   T b    = 3.5 s).
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     R Z       

	
     ξ  t , o p t        

	
     f  o p t      

	
Rare Earthquake

	
Very Rare Earthquake




	
     γ m  ( % )    

	
     R 1     

	
     μ  m 1      

	
     R 2     

	
     γ m  ( % )    

	
     R 1     

	
     μ  m 1      

	
     R 2     






	
0.05

	
0.05

	
0.925

	
288

	
0.934

	
0.775

	
0.975

	
494

	
0.928

	
2.16

	
0.888




	
0.1

	
0.10

	
0.925

	
276

	
0.898

	
0.764

	
0.961

	
473

	
0.889

	
2.01

	
0.827




	
0.15

	
0.10

	
0.90

	
266

	
0.863

	
0.760

	
0.956

	
455

	
0.855

	
1.95

	
0.802




	
0.2

	
0.15

	
0.875

	
256

	
0.830

	
0.748

	
0.941

	
436

	
0.818

	
1.85

	
0.761




	
0.25

	
0.15

	
0.85

	
247

	
0.801

	
0.748

	
0.942

	
419

	
0.787

	
1.86

	
0.765




	
0.3

	
0.15

	
0.825

	
239

	
0.775

	
0.751

	
0.945

	
405

	
0.761

	
1.87

	
0.769




	
0.35

	
0.15

	
0.825

	
231

	
0.751

	
0.753

	
0.948

	
390

	
0.733

	
1.84

	
0.757




	
0.4

	
0.15

	
0.825

	
224

	
0.728

	
0.758

	
0.953

	
379

	
0.712

	
1.83

	
0.753




	
0.45

	
0.20

	
0.825

	
219

	
0.711

	
0.752

	
0.947

	
367

	
0.690

	
1.74

	
0.716




	
0.5

	
0.20

	
0.825

	
213

	
0.692

	
0.759

	
0.955

	
359

	
0.674

	
1.75

	
0.720




	
0.6

	
0.20

	
0.825

	
203

	
0.659

	
0.771

	
0.970

	
344

	
0.646

	
1.80

	
0.740
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Table 5. Optimal parameters and the effectiveness of the TID (   T b    = 4.0 s).
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     R Z     

	
     ξ  t , o p t      

	
     f  o p t      

	
Rare Earthquake

	
Very Rare Earthquake




	
     γ m  ( % )    

	
     R 1     

	
     μ  m 1      

	
     R 2     

	
     γ m  ( % )    

	
     R 1     

	
     μ  m 1      

	
     R 2     






	
0.05

	
0.05

	
1.05

	
274

	
0.902

	
0.696

	
0.948

	
465

	
0.898

	
1.68

	
0.834




	
0.1

	
0.1

	
1.025

	
258

	
0.850

	
0.674

	
0.918

	
434

	
0.838

	
1.52

	
0.755




	
0.15

	
0.1

	
1.0

	
244

	
0.804

	
0.672

	
0.916

	
408

	
0.788

	
1.47

	
0.730




	
0.2

	
0.15

	
1.0

	
233

	
0.767

	
0.658

	
0.897

	
388

	
0.749

	
1.36

	
0.675




	
0.25

	
0.15

	
1.0

	
224

	
0.738

	
0.657

	
0.895

	
374

	
0.722

	
1.34

	
0.665




	
0.3

	
0.20

	
1.0

	
217

	
0.715

	
0.646

	
0.880

	
363

	
0.701

	
1.28

	
0.636




	
0.35

	
0.20

	
1.0

	
211

	
0.695

	
0.648

	
0.883

	
352

	
0.680

	
1.27

	
0.631




	
0.4

	
0.20

	
1.0

	
205

	
0.675

	
0.652

	
0.888

	
343

	
0.662

	
1.27

	
0.631




	
0.45

	
0.25

	
0.975

	
199

	
0.655

	
0.654

	
0.891

	
334

	
0.645

	
1.26

	
0.626




	
0.5

	
0.25

	
0.975

	
194

	
0.639

	
0.659

	
0.898

	
324

	
0.625

	
1.28

	
0.636




	
0.6

	
0.25

	
0.975

	
185

	
0.609

	
0.673

	
0.917

	
309

	
0.597

	
1.33

	
0.660
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Table 6. Mean values of the maximum horizontal displacement and shear strain of the LRB (   T b    = 3.0 s).
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Rare Earthquakes

	
Very Rare Earthquakes




	

	
um/m

	
     γ m  / %    

	
um/m

	
     γ m  / %    






	
BIS system

	
0.235

	
313

	
0.405

	
540




	
TID–LRB hybrid control system

	
    R Z  = 0.1   

	
0.218

	
291

	
0.378

	
505




	
    R Z  = 0.2   

	
0.206

	
275

	
0.356

	
475




	
    R Z  = 0.3   

	
0.196

	
261

	
0.339

	
453




	
    R Z  = 0.4   

	
0.187

	
249

	
0.324

	
431




	
    R Z  = 0.5   

	
0.179

	
238

	
0.309

	
412




	
    R Z  = 0.6   

	
0.171

	
228

	
0.295

	
393
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Table 7. Mean values of the maximum horizontal displacement and shear strain of the LRB (   T b    = 3.5 s).
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Rare Earthquakes

	
Very Rare Earthquakes




	

	
um/m

	
     γ m  / %    

	
um/m

	
     γ m  / %    






	
BIS system

	
0.315

	
308

	
0.543

	
532




	
TID–LRB hybrid control system

	
    R Z  = 0.1   

	
0.283

	
276

	
0.483

	
473




	
    R Z  = 0.2   

	
0.261

	
256

	
0.445

	
436




	
    R Z  = 0.3   

	
0.244

	
239

	
0.412

	
405




	
    R Z  = 0.4   

	
0.228

	
224

	
0.386

	
379




	
    R Z  = 0.5   

	
0.217

	
213

	
0.367

	
359




	
    R Z  = 0.6   

	
0.207

	
203

	
0.351

	
344
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Table 8. Mean values of the maximum horizontal displacement and shear strain of the LRB (   T b    = 4.0 s).
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Rare Earthquakes

	
Very Rare Earthquakes




	

	
um/m

	
     γ m  / %    

	
um/m

	
     γ m  / %    






	
BIS system

	
0.403

	
303

	
0.690

	
518




	
TID–LRB hybrid control system

	
    R Z  = 0.1   

	
0.343

	
258

	
0.578

	
434




	
    R Z  = 0.2   

	
0.310

	
233

	
0.517

	
388




	
    R Z  = 0.3   

	
0.290

	
217

	
0.483

	
363




	
    R Z  = 0.4   

	
0.273

	
205

	
0.456

	
343




	
    R Z  = 0.5   

	
0.258

	
194

	
0.431

	
324




	
    R Z  = 0.6   

	
0.245

	
185

	
0.411

	
309
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Table 9. Pounding responses of the base-isolated structure under very rare earthquakes (   T b    = 3.0 s).






Table 9. Pounding responses of the base-isolated structure under very rare earthquakes (   T b    = 3.0 s).





	

	
ds = 1.0Dmax

	
ds = 1.2Dmax

	
ds = 1.4Dmax

	
ds = 1.6Dmax

	
ds = 1.8Dmax




	
γm

(%)

	
am0

(m/s2)

	
     μ  m 1      

	
γm

(%)

	
am0

(m/s2)

	
     μ  m 1      

	
γm

(%)

	
am0

(m/s2)

	
     μ  m 1      

	
γm

(%)

	
am0

(m/s2)

	
     μ  m 1      

	
γm

(%)

	
am0

(m/s2)

	
     μ  m 1      






	
Without TID

	
321

	
58.3

	
11.9

	
383

	
53.3

	
10.7

	
445

	
45.1

	
9.0

	
505

	
29.6

	
5.9

	
538

	
9.6

	
3.3




	
    R Z  = 0.1   

	
320

	
53.1

	
10.7

	
382

	
47.0

	
9.2

	
443

	
33.6

	
6.6

	
492

	
15.7

	
3.7

	
504

	
9.5

	
2.8




	
    R Z  = 0.2   

	
319

	
50.5

	
9.8

	
381

	
40.7

	
8.2

	
439

	
27.2

	
5.2

	
470

	
12.2

	
3.0

	
475

	
8.2

	
2.6




	
    R Z  = 0.3   

	
319

	
46.4

	
9.1

	
381

	
36.4

	
6.9

	
433

	
19.1

	
4.0

	
453

	
8.1

	
2.4

	
453

	
8.1

	
2.4




	
    R Z  = 0.4   

	
319

	
41.7

	
8.4

	
378

	
29.3

	
5.9

	
424

	
13.4

	
3.0

	
431

	
8.1

	
2.4

	
431

	
8.1

	
2.4




	
    R Z  = 0.5   

	
318

	
36.6

	
7.5

	
373

	
27.8

	
5.0

	
410

	
9.6

	
2.5

	
412

	
8.0

	
2.4

	
412

	
8.0

	
2.4




	
    R Z  = 0.6   

	
318

	
31.7

	
6.7

	
366

	
23.5

	
4.1

	
391

	
8.7

	
2.5

	
393

	
8.0

	
2.5

	
393

	
8.0

	
2.5
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Table 10. Pounding responses of the base-isolated structure under very rare earthquakes (   T b    =3.5 s).






Table 10. Pounding responses of the base-isolated structure under very rare earthquakes (   T b    =3.5 s).





	

	
ds = 1.0Dmax

	
ds = 1.2Dmax

	
ds = 1.4Dmax

	
ds = 1.6Dmax

	
ds = 1.8Dmax




	
γm

(%)

	
am0

(m/s2)

	
     μ  m 1      

	
γm

(%)

	
am0

(m/s2)

	
     μ  m 1      

	
γm

(%)

	
am0

(m/s2)

	
     μ  m 1      

	
γm

(%)

	
am0

(m/s2)

	
     μ  m 1      

	
γm

(%)

	
am0

(m/s2)

	
     μ  m 1      






	
Without TID

	
315

	
64.9

	
12.4

	
376

	
55.0

	
11.0

	
437

	
47.4

	
9.5

	
497

	
31.6

	
6.3

	
532

	
10.1

	
2.6




	
    R Z  = 0.1   

	
314

	
56.9

	
10.9

	
375

	
47.7

	
9.0

	
436

	
34.8

	
5.6

	
470

	
11.6

	
2.5

	
473

	
8.4

	
2.0




	
    R Z  = 0.2   

	
314

	
50.0

	
9.7

	
375

	
40.4

	
6.9

	
424

	
17.1

	
3.3

	
436

	
8.4

	
1.8

	
436

	
8.4

	
1.8




	
    R Z  = 0.3   

	
314

	
47.6

	
8.6

	
370

	
30.0

	
4.9

	
401

	
11.7

	
2.4

	
405

	
8.3

	
1.8

	
405

	
8.3

	
1.8




	
    R Z  = 0.4   

	
313

	
40.4

	
6.9

	
359

	
21.1

	
3.5

	
377

	
8.8

	
2.0

	
379

	
8.3

	
1.8

	
379

	
8.3

	
1.8




	
    R Z  = 0.5   

	
310

	
35.3

	
5.5

	
346

	
15.7

	
2.6

	
359

	
8.3

	
1.8

	
359

	
8.3

	
1.8

	
359

	
8.3

	
1.8




	
    R Z  = 0.6   

	
305

	
28.0

	
4.3

	
333

	
13.2

	
2.4

	
344

	
8.2

	
1.8

	
344

	
8.2

	
1.8

	
344

	
8.2

	
1.8
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Table 11. Pounding responses of the base-isolated structure under very rare earthquakes (   T b    =4.0 s).






Table 11. Pounding responses of the base-isolated structure under very rare earthquakes (   T b    =4.0 s).





	

	
ds = 1.0Dmax

	
ds = 1.2Dmax

	
ds = 1.4Dmax

	
ds = 1.6Dmax

	
ds = 1.8Dmax




	
γm

(%)

	
am0

(m/s2)

	
     μ  m 1      

	
γm

(%)

	
am0

(m/s2)

	
     μ  m 1      

	
γm

(%)

	
am0

(m/s2)

	
     μ  m 1      

	
γm

(%)

	
am0

(m/s2)

	
     μ  m 1      

	
γm

(%)

	
am0

(m/s2)

	
     μ  m 1      






	
Without TID

	
308

	
64.8

	
13.0

	
369

	
64.4

	
11.7

	
428

	
53.8

	
9.7

	
488

	
37.2

	
6.2

	
518

	
9.5

	
2.1




	
    R Z  = 0.1   

	
307

	
58.5

	
10.9

	
368

	
49.3

	
7.6

	
421

	
24.5

	
3.4

	
434

	
8.4

	
1.5

	
434

	
8.4

	
1.5




	
    R Z  = 0.2   

	
307

	
48.9

	
8.4

	
361

	
28.8

	
4.5

	
388

	
8.3

	
1.4

	
389

	
8.3

	
1.4

	
389

	
8.3

	
1.4




	
    R Z  = 0.3   

	
305

	
36.1

	
5.8

	
349

	
16.3

	
2.4

	
363

	
8.2

	
1.3

	
364

	
8.2

	
1.3

	
364

	
8.2

	
1.3




	
    R Z  = 0.4   

	
300

	
29.4

	
4.4

	
333

	
11.4

	
2.0

	
343

	
8.2

	
1.3

	
343

	
8.2

	
1.3

	
343

	
8.2

	
1.3




	
    R Z  = 0.5   

	
294

	
18.3

	
3.0

	
316

	
10.7

	
1.9

	
324

	
8.1

	
1.3

	
324

	
8.1

	
1.3

	
324

	
8.1

	
1.3




	
    R Z  = 0.6   

	
284

	
16.1

	
2.4

	
301

	
9.4

	
1.8

	
309

	
8.1

	
1.3

	
309

	
8.1

	
1.3

	
309

	
8.1

	
1.3
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