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Abstract

:

The compositive passive control (CPC) method of “interlayer seismic isolation “plus “shock absorption between adjacent towers” was applied to a multi-tower building (MTB) with a large podium. The interaction between adjacent towers was used to reduce the structural response under seismic action. Based on the Clough–Penzien spectral seismic model, the extended state equation of random response of MTB was derived with the minimum total energy of structural vibration as the optimization control objective. By comparing the seismic scheme and interlayer seismic isolation scheme, the relationship between the control parameters of the connecting control device and the random response of the structure was discussed and analyzed, and the control effect of the composite passive control system under different control schemes was also studied from the perspective of seismic response time history and vibration cumulative energy time history. Through numerical analysis, it was proved that the damping coefficient of the Kelvin-Voigt model has a great influence on the mean square error of total vibration energy while the stiffness coefficient has a poor sensitivity to it. Under the optimization control objective, the connection control device was better arranged at the top of the structure. The control effect can reach 84.64% under the condition of random ground motion as input. The CPC method maintains the advantages of the interlayer seismic isolation scheme and reduces the defect of the response amplification caused by the interlayer isolation, which provides a reference for the follow-up study of the CPC method of MTB.
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1. Introduction


With the rapid development of the current urban construction process, it is imperative to build urban earthquake resilient structures, and the emphasis of design for seismic resistance has been changed from “strength” to “performance” [1,2,3]. Besides, due to the rational planning and use of urban construction land and the need for innovative, practical and functional building systems, a large number of large-chassis twin-tower structures have emerged. A series of research works have been carried out on these structures [4,5,6,7,8]. Some scholars found that as the upper tower’s shape shrinks causing the layer rigidity to experience abrupt change, and as the towers are independent, vertical irregular structures are created, which is disadvantageous for the structure’s earthquake resistance, due to large chassis torsion [9,10]. In order to reduce the horizontal-torsional coupling effect and improve the seismic performance of the twin-tower structure, researchers have conducted a lot of research on the interlayer seismic isolation technology, indicating it is an effective damping system [11,12,13]. However, some scholars also found that interlayer seismic isolation cannot suppress the acceleration response of the lower part of the structure (i.e., the large chassis podium) [14,15,16,17]. Because the lateral stiffness of the isolation layer is small, the rigid lateral displacement of the upper tower is large during an earthquake, and it is necessary to limit the lateral displacement of the isolation layer. At present, the seismic mitigation effect of the lower podium is poor, and even causes the problem of response amplification. For the seismic safety of the lower podium structure, there are still widespread doubts and concerns in the engineering field. Therefore, how to combine the advantages of the structure itself, using a reasonable control method to better ensure the safety of such structures, has become one of the problems to be solved. At the same time, some scholars have concluded that the control scheme of installing control devices between adjacent structures can effectively improve the seismic performance of the whole structure [18,19,20,21,22,23,24,25]. Klein and Healey [26] first proposed the idea of adding energy dissipation components and semi-active control devices between adjacent structures to improve the seismic capacity of structures. In recent years, Zhu et al. [27,28,29,30] and Patel et al. [31,32] studied the optimization of dampers between adjacent structures through theoretical derivation and numerical parameter research. Therefore, we propose to apply the composite passive control method (CPC method) of “interlayer seismic isolation” and “shock absorption between adjacent towers” to a multi-tower building (MTB) with a large podium, to make use of the respective advantages of the two control methods in order to achieve a better control effect. On the basis of using the advantages of interlayer seismic isolation, the advantages of shock absorption between adjacent towers are further used to dissipate and transfer the energy input from the earthquake through the mutual movement between adjacent towers, so as to resist the external load with the structure, reduce the seismic response of the structure, and improve the seismic performance of the whole structure.



A large number of seismic observation data show that the ground motion has obvious randomness [33,34]. The random characteristics of ground motion have become a consensus in the engineering community [35,36,37]. In 1947, Housner proposed random white noise ground motion excitation [38]. Since then, various improved models of ground motion randomness have been proposed, such as the Kanai-Tajimi spectrum (filtered white noise) [39,40] and double filtered white noise spectrum (Clough, et al. [41] spectrum), Ou Jinping et al. [42] spectrum, Li Hongjing et al. [43] spectrum. The Kanai-Tajimi spectrum is the first to use the filter equation to express the complex ground motion as a white noise excitation based on the characteristic value of the site vibration, while other random ground motion models have improved on Kanai-Tajimi, making the expression of ground motion more accurate. The Clough–Penzien spectrum uses filtering equations to improve the effect of Kanai-Tajimi over-exaggerating the low-frequency ground motion energy, which has been widely used.



This paper investigates the effectiveness of the suggested compositive passive control (CPC) method for an interlayer isolated multi-tower building with large chassis using the created passive control model. Based on the Clough–Penzien spectral ground motion model, the extended state equation of random response of MTB is derived with the minimum total energy of structural vibration as the optimization control objective. From the perspective of random vibration analysis, the control effect of seismic response before and after the control, as well as the performance parameters, layout position and layout number of passive control devices, are optimized. This paper conducts a preliminary exploration of how to apply this combined isolation system on an MTB in order to ensure the seismic resilience of such structures and reduce their damage during a seismic event.




2. Analytical Model and Motion Equation


2.1. Analytical Model of Multi-Tower Building (MTB) Adopted Compositive Passive Control (CPC) Method


Assuming that the mass of the structure is concentrated on each layer and the stiffness of the layer is infinite, MTB, which adopts interlayer seismic isolation and is connected by passive control units (the Kelvin-Voigt control model), is simulated with a multi-DOF layer shear model. The calculation diagram of this model is shown in Figure 1.



In order to simplify the iterative solution of a large number of equations for multi-DOF systems, an equivalent simplified model is proposed, as shown in Figure 2. It represents the single-DOF layer shear model of MTB, while the single-DOF simplified models of the left and right towers are connected by the Kelvin-Voigt control model.



The mass mi, stiffness ki and damping ci, (i = b, l, r) of the substructure i of the equivalent single-DOF model can be obtained from the lateral deformation vector {ψi}(i = b, l, r) along the height direction of the substructure of MTB multi-degree system. The {ψi} represents the first-order vibration mode of structure i. In the model equivalent process, the isolation layer and the upper tower are treated as a base isolation structure, and the large chassis podium is treated as a seismic structure.


   m i  =    {   ψ i   }   T   [   M i   ]   {   I i   }   



(1)






   k i  =    {   ψ i   }   T   [   K i   ]   {   ψ i   }       {   ψ i   }   T   [   M i   ]   {   I i   }       {   ψ i   }   T   [   M i   ]   {   ψ i   }     



(2)






   c i  =    {   ψ i   }   T   [   C i   ]   {   ψ i   }       {   ψ i   }   T   [   M i   ]   {   I i   }       {   ψ i   }   T   [   M i   ]   {   ψ i   }     



(3)




where [Mi], [Ki], [Ci] are the mass, stiffness and damping matrices of each substructure i of the multi-DOF system, and {Ii} is the unit column vector.




2.2. State Equation of Single Degree of Freedom (DOF) System of MTB


Assuming that the structure is a layer shear model, as shown in Figure 2, the simplified single-DOF model of MTB is represented, and the simplified single-DOF model of left and right towers is connected by a Kelvin-Voigt control model. The deducing process is shown in Figure 3.



Under the seismic action, the motion equation of each substructure are as follows:


   m b    x ¨  b  +  c b    x ˙  b  +  k b   x b  −  c l  (   x ˙  l  −   x ˙  b  ) −  k l  (  x l  −  x b  ) −  c r  (   x ˙  r  −   x ˙  b  ) −  k r  (  x r  −  x b  ) = −  m b    x ¨  g   



(4)






   m l    x ¨  l  +  c l  (   x ˙  l  −   x ˙  b  ) +  k l  (  x l  −  x b  ) = −  m l    x ¨  g  −  F d   



(5)






   m r    x ¨  r  +  c r  (   x ˙  r  −   x ˙  b  ) +  k r  (  x r  −  x b  ) = −  m r    x ¨  g  +  F d   



(6)






   F d  = −  k c  (  x r  −  x l  ) −  c c  (   x ˙  r  −   x ˙  l  )  



(7)




where, mi, ki, ci (i = b, l, r) are the mass, stiffness and damping of each substructure i of the single-DOF model, Fd is the control force connecting the devices between adjacent towers, kc and cc are the performance parameters of the Kelvin-Voigt control model,     x ¨  g    is seismic excitation, and xi is the displacement response of the single degree of freedom system.



Combining Equations (4)–(6), the independent motion equation is re-expressed as the motion equation of the structural coupling system:


   [ M ]   {  X ¨  }  +  [ C ]   {  X ˙  }  +  [ K ]   { X }  +  { r }   F d  = −  [ M ]   { I }   {    x ¨  g   }   



(8)




in which:    { X }  =    {   x b  ,  x l  ,  x r   }   T    is the displacement column vector of the system.    [ M ]  =  [       m b                  m l                  m r       ]   ,    [ C ]  =  [       c b  +  c l  +  c r      −  c l      −  c r        −  c l       c l           −  c r          c r       ]   ,    [ K ]  =  [       k b  +  k l  +  k r      −  k l      −  k r        −  k l       k l           −  k r          k r       ]    are mass, damping and stiffness matrices of the system, respectively.    { r }  =    {  0 , 1 , − 1  }   T    is the displacement column vector of the system.    { I }  =    {  1 , 1 , 1  }   T    is the unit column vector.



Defining state vectors    {   Y s   }  =    {     { X }   T  ,    {  X ˙  }   T   }   T   , the motion equation of the system can be expressed in the form of state space:


   {    Y ˙  s   }  =  [   A s   ]   {   Y s   }  +  [   H s   ]   { G }   {   Y s   }  +  [   B s   ]   {    x ¨  g   }   



(9)




in which:


    [   A s   ]  =  [         { 0 }    3 × 3          { I }    3 × 3         −    [ M ]    − 1    [ K ]      −    [ M ]    − 1    [ C ]       ]    ,    { G }  =  {  0 ,  k c  , −  k c  , 0 ,  c c  , −  c c   }   ,      [   H s   ]  =    {         { 0 }    1 × 3          [  −    [ M ]    − 1    { r }   ]   T       }   T    ,    [   B s   ]  =    {         { 0 }    1 × 3       −    { I }   T       }   T  .   












2.3. Extended State Equation of Clough–Penzien Spectral Model


The filtering equation of Clough-Penzien spectral model is expressed as:


   [   M w   ]   {    Z ¨  w   }  +  [   C w   ]   {    Z ˙  w   }  +  [   K w   ]   {   Z w   }  = −  {   I w   }  w  ( t )   



(10)




in which:



   [   M w   ]  =  [     1   1   0     0   1    − 1      0   0   1     ]   ,    [   C w   ]  =  [      2  ξ f   ω f     0   0     0   0   0     0   0    2  ξ g   ω g       ]   ,    [   K w   ]  =  [       ω f 2     0   0     0   0   0     0   0     ω g 2       ]   ,    {   I w   }  =    {  0 , − 1 , 1  }   T   ,    {   Z w   }  =    {   x g  ,  x f  ,  u g   }   T   ;    ω g   ,    ξ g    are the first filter parameters of foundation soil,    ω f   ,    ξ f    are the second filter parameters of foundation soil,   w  ( t )    is white noise excitation of bedrock,     x ¨  g    is ground acceleration of the Clough–Penzien spectral model,     x ¨  f    is absolute acceleration.



By formula (10), the state vector    {   Y w   }  =    {     {   Z w   }   T  ,    {    Z ˙  w   }   T   }   T    is defined and the filtering equation is expressed as a state space:


   {    Y ˙  w   }  =  [   A w   ]   {   Y w   }  +  [   B w   ]  w  ( t )   



(11)




in which:


    [   A w   ]  =  [         { 0 }    3 × 3          { 1 }    3 × 3         −    [   M w   ]    − 1    [   K w   ]      −    [   M w   ]    − 1    [   C w   ]       ]    ,    [   B w   ]  =    [         { 0 }    3 × 1       −  [   M w   ]   {   I w   }       ]   T    











Let     x ¨  g  =  {   T w   }   {    Y ˙  w   }   , and bring into Equation (9), whereupon:


   {    Y ˙  s   }  =  [   A s   ]   {   Y s   }  +  [   H s   ]   { G }   {   Y s   }  +  [   B s   ]   {   T w   }   {    Y ˙  w   }   



(12)




where:    {   T w   }  =  {  0 , 0 , 1 , 0  }   .



Combining Equations (11) and (12) forms the extended state equation:


   {    Y ˙  t   }  =  [   A t   ]   {   Y t   }  +  [   B t   ]  w  ( t )   



(13)




in which:


       [   A t   ]  =  [       [   A s   ]  +  [   H s   ]   [ G ]       [   B s   ]   {   T w   }   [   A w   ]           { 0 }    6 × 6        [   A w   ]       ]  ,         [   B t   ]  =    [       [   B s   ]   {   T w   }   [   B w   ]       [   B w   ]       ]   T    ,  {   Y t   }  =    {   {   Y s   }  ,  {    Y ˙  w   }   }   T  ,           [   T t   ]  =  [       T s         { 0 }    3 × 4        ]  .      












2.4. Structure Random Response Solution


Assuming that the structure is in a static state at t (0), the random process of structural input ground motion is a Gaussian random process with zero mean value. The bilateral spectrum and the unilateral spectrum of the stationary random process are    S ω    and    G ω   , respectively, so that the structural response covariance matrix is:


    [   D  y t    ]  = E  [   {   {   y t   }  −  {   μ  y t    }   }     {   {   y t   }  −  {   μ  y t    }   }   T   ]  = E  [   {   y t   }   {   y t   }   ]    ,    [   R w   ]  =  [   B t   ]  2 π  S 0     [   B t   ]   T    








is the input covariance matrix. Then the Lyapunov equation describing the variance of structural response is:


   [   A t   ]   [   D  y t    ]  +  [   D  y t    ]     [   A t   ]   T  +  [   R w   ]  =  { 0 }   



(14)







The covariance matrix of the system expressed by (10) can be expressed as:


   [   D  y s    ]  =  [       σ  x b     2       σ  x b    σ  x l        σ  x b    σ  x r        σ  x b    σ   x ˙  b        σ  x b    σ   x ˙  l        σ  x b    σ   x ˙  r          σ  x l    σ  x b        σ  x l     2       σ  x l    σ  x r        σ  x l    σ   x ˙  b        σ  x l    σ   x ˙  l        σ  x l    σ   x ˙  r          σ  x r    σ  x b        σ  x r    σ  x l        σ  x r     2       σ  x r    σ   x ˙  b        σ  x r    σ   x ˙  l        σ  x r    σ   x ˙  r          σ   x ˙  b    σ  x b        σ   x ˙  b    σ  x l        σ   x ˙  b    σ  x r        σ   x ˙  b     2       σ   x ˙  b    σ   x ˙  l        σ   x ˙  b    σ   x ˙  r          σ   x ˙  l    σ  x b        σ   x ˙  l    σ  x l        σ   x ˙  l    σ  x r        σ   x ˙  l    σ   x ˙  b        σ   x ˙  l     2       σ   x ˙  l    σ   x ˙  r          σ   x ˙  r    σ  x b        σ   x ˙  r    σ  x l        σ   x ˙  r    σ  x r        σ   x ˙  r    σ   x ˙  b        σ   x ˙  r    σ   x ˙  l        σ   x ˙  r     2       ]   



(15)







According to the definition of spectral moment,


       λ n  =      ∫  − ∞   + ∞     | ω |      2   S ω  d ω =      ∫ 0 ∞  ω    2   G ω  d ω     n = 0 , 1 , 2      



(16)







According to random vibration theory, under stationary excitation [31], the 0th order spectral moment of the structural response is equal to its variance, and the 2nd order spectral moment is equal to the 0th order spectral moment of the change rate of the stationary response.





3. Optimization of CPC Method


3.1. Performance Parameter Optimization of Passive Control Unit


Taking the stiffness coefficient K and damping coefficient C of the Kelvin-Voigt model as control parameters, the minimum total vibration energy of MTB is the control objective, and the total vibration energy of MTB is:


   σ E    2  =  1 2   m b  (  σ   x ˙  b     2  +  u 1   σ   x ˙  l     2  +  u 2   σ   x ˙  r     2  ) +  1 2   k b  (  σ  x b     2  +  u 1   β 1 2   σ  x l     2  +  u 2   β 2 2   σ  x r     2  )  



(17)




in which:    u 1  =    m l     m b     ,    u 2  =    m r     m b     , are mass ratio of left and right tower to podium respectively;    β 1  =    ω l     ω b     ,    β 2  =    ω r     ω b     , are the frequency ratios of left and right tower to podium, respectively.




3.2. Optimization Process


As shown in Figure 4, the first step of the optimization process is to establish the single-DOF model equivalently on the basis of the multi-DOF model, and then solve the motion equation of the single-DOF model. The optimization goal is to minimize the total energy of structural vibration. According to this goal, the performance parameters of the Kelvin-Voigt model, namely stiffness coefficient and damping coefficient, are optimized. Then, the performance parameters obtained in the single-DOF model are applied to the multi-DOF model. On this basis, the optimal layout of the Kelvin-Voigt model is determined and the optimal control scheme is obtained.





4. Example Analysis of CPC Method Application


A typical engineering example is adopted. A double-tower building with a large chassis is a comprehensive multi-functional high-rise building composed of a podium building and double-tower building with story isolation. The podium has three layers. The concentrated mass of each layer is 3.2 × 106 kg, and the shear stiffness is 5.0 × 109 N/m. The left tower and the right tower have 16 layers. The concentrated mass of each layer of the left tower is 1.0 × 106 kg, and the shear stiffness is 2.0 × 109 N/m. The concentrated mass of each layer of the right tower is 1.0 × 106 kg, and the shear stiffness is 9.2 × 108 N/m. The mass of the isolation layer of the left and right towers is 1.15 × 106 kg and the shear stiffness is 2.15 × 108 N/m. The Rayleigh damping model is adopted, and the first-order modal damping ratio of podium, left tower and right tower is 0.05, and the first-order modal damping of the isolation layer of the left and right towers is 0.15.



4.1. Optimization of Performance Parameters Single-DOF System


Through the equivalent of the above example, the random seismic response analysis of the equivalent single-DOF layer shear model is carried out. In the random response analysis of the structure, the Clough–Penzien spectrum is used for the random excitation spectrum model, and the relevant parameters in the literature [18] are used for the spectral model parameters. The spectral intensity factor S0 = 4.65 cm2/rad·s3, the excellent frequency and damping ratio of the foundation soil are ωg = 15.0 rad/s, ξg = 0.6, and the other parameter is ωf = 1.5 rad/s, and damping ratio ξf = 0.60. The MATLAB software was used for simulation calculation and the variation of total vibration energy with Kelvin-Voigt model performance parameters is obtained.



As shown in Figure 5, the damping coefficient C of the Kelvin-Voigt model has a great influence on the mean square error of total vibration energy. In comparison, the stiffness coefficient K has a poor sensitivity to it. Taking the minimum total vibration energy as the control target, there is a minimum control point to minimize the total vibration energy of the single-DOF layer shear model of the MTB.



Corresponding to the multi-DOF layer shear model of MTB, the total vibration energy of the structure is minimum when the optimized damping of the passive control elements is Cc = 6.7223 × 106 N·s/m and the optimized stiffness is Kc = 0 N/m.




4.2. Analysis of Vibration Control of Multi-DOF System


4.2.1. Effectiveness Analysis


According to the random seismic response analysis of the single-DOF layer shear model of the isolated structure, the optimal parameters that minimize the total energy of the vibration control of the structure are obtained. Assuming that the parameters of each connection control device are the optimal damping and stiffness, that is, the optimal damping Cc = 6.7223 × 106 N·s/m and the optimal stiffness Kc = 0 N/m, the position of the connection control device is taken as the control parameter and the total energy of the vibration of the structure is taken as the control objective, the random seismic response analysis of the multi-DOF layer shear model of the isolated structure is carried out. The Clough–Penzien spectrum is used for random analysis.



Firstly, the model given in the first paragraph of Section 4 is regarded as model 2, which is regarded as an isolation structure. In order to study the effect of the CPC method (as shown in Figure 6, model 3) on the natural vibration characteristics and random response of the structure compared with the seismic scheme (as shown in Figure 6, model 1) and the interlayer seismic isolation scheme (as shown in Figure 6, model 2), and the effect of different damper arrangement schemes on the damping effect when the composite passive control scheme is adopted, this paper compares and analyzes the response control of the structure of the MTB under different control schemes. The control schemes are as follows:




	
Case 1: The MTB adopts a CPC method. On the basis of inter-story isolation, the Kelvin-Voigt model is also used between adjacent towers, as shown in model 3 in Figure 5, and the connection control device is arranged on the first layer of the tower;



	
Case 2: The MTB adopts a CPC method. The connecting control device is arranged on the sixth layer of the tower;



	
Case 3: The MTB adopts a CPC method. The connecting control device is arranged on the 11th layer of the tower;



	
Case 4: The MTB adopts a CPC method. The connecting control device is arranged on the 16th layer of the tower;



	
Case 5: MTB adopts seismic scheme. It is similar to model 2, but it is formed as an uncontrolled structure without the interlayer seismic isolation, as shown in model 1 in Figure 5;



	
Case 6: MTB adopts isolation scheme, as shown in model 2 in Figure 5.








Figure 7 and Figure 8 show the time-varying variance of the top-level displacement and the absolute acceleration of MTB under six different control schemes. It can be concluded that compared with the seismic scheme, the isolation scheme will reduce the top-level absolute acceleration response of the structure, but the top-level displacement acceleration response is slightly enlarged. However, after adopting the CPC method, no matter which layer the passive control device is arranged on, the top-level displacement response and the top-level absolute acceleration response of the structure are reduced, and the closer the damper is arranged to the top-level, the better the control effect on the structural response.



In order to verify the damping effect of the CPC method, the zero- (corresponding to the displacement response of the structure) and second- (corresponding to the velocity response of the structure) order spectral moments of each substructure displacement under six control schemes are compared and analyzed. It can be seen from Figure 9 and Figure 10 that for the podium, the control effect of the CPC method is not significantly different from that of the isolation scheme. Compared with the seismic scheme, the control effect of the isolation scheme or the CPC method on the displacement of each layer of the podium is obvious, but the velocity of the first layer and the second layer is slightly enlarged.



It can be seen from Figure 11 and Figure 12 (where L-iso represents the isolation layer) that for the tower with relatively large natural frequency (left tower), compared with the seismic scheme, the isolation scheme can effectively control the displacement and velocity response of the structure. After adopting the CPC method, the control effect is more obvious, and the control effect is the best when the passive control device is arranged at the bottom of the structure (i.e., the first layer of the tower) closest to the isolation layer.



It can be seen from Figure 13 and Figure 14 that for the tower with small natural frequency (right tower), compared with the seismic scheme, the isolation scheme can effectively control the displacement and velocity response of the structure. After the CPC method is adopted, the control effect is more obvious, and no matter how the passive control device is arranged on any layer, the total energy of structural vibration can be effectively reduced. The energy reduction of the layer and the layer below the passive control device is more obvious. In other words, when the passive control device is arranged on the top of the structure (i.e., the 16th layer of the tower), the control effect is the best.




4.2.2. Layout Optimization of Multi-DOF System


In order to further analyze and compare the seismic response control of each substructure of MTB under different damper layout schemes under the optimal performance parameters, this paper continues to study case 1–case 4. In order to quantitatively analyze the improvement of the seismic reduction effect of the CPC method compared with the isolation scheme, the index parameters are introduced:


       I  u j   =    σ  x c j     2     σ  x n j     2         I   u ¨  j   =    σ   x ¨  c j     2     σ   x ¨  n j     2        ( j = 1 , 2 , … ,   n )  



(18)




where,    I u   ,    I  u ¨     represents displacement and acceleration control indexes respectively,  j  represents the number of structural layers,    σ  x n j     2   ,    σ  x c j     2    represent the displacement mean square deviation of the  j  layer of the isolation structure and the ‘isolation + shock absorption’ structure,    σ   x ¨  n j     2   , and    σ   x ¨  c j     2    represent the absolute acceleration mean square deviation of the  j  layer of the isolation structure and the ‘isolation + shock absorption’ structure.



Figure 15a,b show that compared with the story isolation scheme, the displacement response and acceleration response of each layer of MTB are further controlled when the CPC method is adopted, and the higher the position of the connection control device, the more obvious the control effect is for the displacement response and absolute acceleration response of the large chassis podium.



According to the analysis of Figure 16a,b, the absolute acceleration response of the left tower is effectively controlled after the CPC method is adopted. Compared with the isolation scheme, when the connection control device is installed on the top of the structure, the index parameter can reach 0.8718. However, for the displacement response of the left tower, the closer the connection control device is to the isolation layer, the better the control effect. When the connection control device rises gradually according to the floor and rises to a certain floor, only the position of the isolation layer and the floors below the isolation layer will produce the phenomenon of response amplification. This is similar to the rule obtained from Figure 11 and Figure 12.



Compared with the left tower, after the CPC method is adopted in the right tower, there is no obvious response amplification phenomenon in other layer positions except the isolation layer according to the analysis of Figure 17a,b, which is mainly related to the natural frequencies of the left tower and the right tower. After the CPC method is adopted, the absolute acceleration response of the right tower is effectively controlled as a whole. Compared with the isolation scheme, when the connecting control device is installed on the top layer of the structure, the index parameters can reach 0.7438, which shows the improvement effect of the CPC method relative to the isolation scheme. For the right tower displacement response, the closer the connection control device to the top level, the better the control effect, and when the connection control device is installed at the top level, the top level index parameter can reach 0.2111.



Based on the above analysis, it can be concluded that the relative displacement and relative velocity at the location of the isolation layer are larger after using the story isolation scheme, and the connection control device uses the interaction between adjacent towers to reduce the structural response under seismic action. After installing the connection control device, the installation layer and the lower layer of the connection control device form a parallel system from two independent towers. The flexible tower has good restraint and can control the structural response well but, relatively speaking, the restraint effect for the rigid tower is not good, and even the response amplification phenomenon may occur. However, as far as the structure is concerned as a whole, the minimum total vibration energy of MTB is taken as the control objective. In order to analyze the improvement of the damping effect of MTB quantitatively by using the CPC method compared with the isolation scheme, the performance index θ is introduced.


  θ =    σ  E n     2  −  σ  E c     2     σ  E n     2     



(19)




where, σEn and σEc represent the vibration energy variance of the isolation structure and the ‘isolation + shock absorption’ structure respectively.



MATLAB numerical simulation is used to calculate the damping effect of MTB under the above four different layout schemes. The damping effects of cases 1 to 4 are 69.63%, 81.32%, 84.26% and 84.64%, respectively. Other than that, MATLAB software is used to simulate and verify the installation of control devices on each layer. When the connecting control device is arranged on the top of the tower, the control effect is the best, and the damping effect will decrease with the decrease of the number of connecting control devices. This is consistent with the rule shown in Figure 18.



There is more energy distribution in the middle of the tower, and less energy distribution in the top of the large chassis podium and the tower. The adoption of the CPC method can reduce the energy of each layer as a whole, and effectively reduce the problem of amplification of the isolation layer response caused by the isolation scheme. When the connection control device is arranged on the top of the tower, the control effect is best.



Therefore, the optimal layout scheme is obtained. That is, the optimal damping of the connecting control device is 6.7223 × 106 N·s/m, the optimized stiffness is 0 N/m. The connecting control device is arranged on the 16th layer of the tower. Figure 19. shows the acceleration power spectral density of the top layer of the corresponding anti-seismic structure, isolation structure and ‘isolation + shock absorption’ structure with the Clough–Penzien spectrum as input. Compared with the anti-seismic structure, the isolation structure and the ‘isolation + shock absorption’ structure show obvious damping effect. At the same time, compared with the isolation structure, the ‘isolation + shock absorption’ structure has a better damping effect at the first, second and third frequencies of the structure, but the overall amplitude fluctuates less with the frequency, indicating that the connection control device has little effect on the dynamic characteristics of the structure. Figure 20 shows the base shear power spectral density of the structure, which is similar to the top acceleration power spectral density. The damping device has little influence on the natural vibration period of the structure before and after control, and has good stability.



Through the above analysis, if the minimum total vibration energy of the structure is taken as the optimization objective and the optimal parameters are obtained, the ‘isolation + shock absorption’ control system can not only maintain the good control performance of the isolation structure, but also have better damping effect at the first two order responses of the structure, and can ensure that the MTB has good robustness after control.






5. Conclusions


The CPC method of “interlayer seismic isolation” + “shock absorption between adjacent towers” is proposed to be applied to the MTB. Combined with the multi-DOF layer shear model and the single-DOF layer shear model of the MTB, the control effect and effectiveness of the CPC method are studied. The main conclusions are:




	
The optimized performance parameters of the connection control device calculated based on the single-DOF layer shear model of MTB are also applicable to the multi-DOF layer shear model. The structural responses calculated by single-DOF layer shear model and multi-DOF layer shear model are basically the same;



	
When the performance parameters and layout scheme of the control device are reasonable, the CPC method has good damping effect on the displacement response and absolute acceleration response of the structure; compared with the isolation scheme, it keeps the advantages of the isolation scheme, and reduces the response amplification caused by the interlayer isolation;



	
Relatively speaking, the CPC method is better for a tower with small natural frequency and can control the structural response well. In order to effectively restrict the displacement response of the left and right towers and avoid the amplification of part of the layer response, the connection control device is better to arranged near the isolation layer;



	
Taking the minimum total energy of structural vibration as the optimization objective, it is better to arrange the connection control device at the top of the structure. The control effect can reach more than 69.63%, and the highest can reach 84.64% under the condition of random ground motion as input.



	
In the analysis of the paper, the effectiveness of the CPC method is studied and verified only through theoretical analysis and numerical simulation. In the subsequent research, the finite element simulation or shaking table test can be used to further verify and analysis. Besides, the plane of the calculation model selected in this paper is relatively regular, and only the horizontal excitation is considered. For structures with irregular shapes, or asymmetric structures, such as asymmetric three-tower structures, there must be torsional effect under seismic action. In the subsequent study, it is necessary to combine the coupling and torsional law of the large chassis tower system, and the optimization design of more complex passive control devices under bidirectional or three-dimensional seismic waves.
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Figure 1. Calculation diagram of multi-DOF (degrees of freedom) layer shear model of multi-tower building (MTB) with the adopted compositive passive control (CPC) method. 
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Figure 2. Calculation diagram of single-DOF layer shear model of MTB with the adopted CPC method. 
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Figure 3. Deducing process. 
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Figure 4. Optimization process. 
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Figure 5. Mean square deviation of total vibration energy for single-DOF shear model of MTB. 
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Figure 6. Schematic view of the models. (a) Model 1, known as ‘anti-seismic structure’; (b) Model 2, known as ‘isolation structure’; (c) Model 3, known as ‘isolation + shock absorption’ structure. 
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Figure 7. Time-varying variance of top displacement. 
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Figure 8. Time-varying variance of top-level absolute acceleration. 






Figure 8. Time-varying variance of top-level absolute acceleration.



[image: Buildings 12 00137 g008]







[image: Buildings 12 00137 g009 550] 





Figure 9. Zero-order spectral moment of the displacement of each layer of the podium. 
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Figure 10. Second-order spectral moment of displacement of each layer of the podium. 
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Figure 11. Zero-order spectral moment of the displacement of each layer of the left tower. 
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Figure 12. Second-order spectral moment of the displacement of each layer of the left tower. 
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Figure 13. Zero-order spectral moment of the displacement of each layer of the right tower. 
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Figure 14. Second-order spectral moment of the displacement of each layer of the right tower. 
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Figure 15. (a) Control effect of displacement response of podium; (b) control effect of absolute acceleration response of podium. 
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Figure 16. (a) Control effect of displacement response of left tower; (b) control effect of absolute acceleration response of left tower. 
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Figure 17. (a) Control effect of displacement response of right tower; (b) control effect of absolute acceleration response of right tower. 
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Figure 18. Energy distribution map of layer position under different control schemes: (a) a three-dimensional view from one angle; (b) a three-dimensional view from another angle. 
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Figure 19. Acceleration power spectral density of structure top layer. 
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Figure 20. Power spectral density of base shear. 
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