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Abstract: In order to improve the seismic performance of adjacent buildings, two types of tuned inerter damper (TID) damping systems for adjacent buildings are proposed, which are composed of springs, inerter devices and dampers in serial or in parallel. The dynamic equations of TID adjacent building damping systems were derived, and the H2 norm criterion was used to optimize and adjust them, so that the system had the optimum damping performance under white noise random excitation. Taking TID frequency ratio and damping ratio as optimization parameters, the optimum analytical solutions of the displacement frequency response of the undamped structure under white noise excitation were obtained. The results showed that compared with the classic TMD, TID could obtain a better damping effect in the adjacent buildings. Comparing the TIDs composed of serial or parallel, it was found that the parallel TIDs had more significant advantages in controlling the peak displacement frequency response, while the H2 norm of the displacement frequency response of the damping system under the coupling of serial TID was smaller. Taking the adjacent building composed of two ten-story frame structures as an example, the displacement and energy collection time history analysis of the adjacent building coupled with the optimum design parameter TIDs were carried out. It was found that TID had a better damping effect in the full-time range compared with the classic TMD. This paper also studied the potential power of TID in adjacent buildings, which can be converted into available power resources during earthquakes.
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1  Introduction

Since Lee et al. first proposed the method of vibration control for civil structures in 1972 [1], the theory and method of vibration control have been developed rapidly. In order to deal with structural vibration problems caused by wind load or earthquake load, a series of control strategies have been formed, including active control, passive control, hybrid control, and intelligent control [2]. Among them, passive vibration control is widely used in engineering practice because of its high stability, low cost, good control effect, and easy realization [3,4]. The design of classic tuned mass damper (TMD) consists of a mass block, spring and viscous damper, which is a reliable structural vibration control device [5]. Kareem et al. took high-rise buildings subjected to wind load as an example, introduced the application of TMDs in Australia, Canada, China, Japan, and the United States in recent years, and showed that TMD had superior seismic performance [6]. However, for TMD, to obtain better and more robust control performance, it is necessary to use a larger auxiliary mass, that is, to increase the mass ratio of TMD to the controlled structure, which is often restricted by site conditions or costs [7]. In order to solve the problems encountered in the practical application of TMD, researchers have developed many new dampers based on the existing TMD research, including electromagnetic inertial mass damper (EIMD) [8,9], rotational inertial damper (RID) [10,11], rotational inertial double-tuned mass damper (RIDTMD) [12–14], tuned mass damper inerter (TMDI) [15–17], tuned liquid inerter system (TLIS) [18], tuned inerter damper (TID) [19–23], tuned mass-inerter damper (TMID) [24], tuned fluid inerter (TFI) [25,26], clutching inerter damper (CID) [27], etc. These dampers introduced a promising passive vibration control device, namely inerter device.

Inerter device is a mechanical device with two ends which was first proposed by Smith in 2002 [28]. Its characteristic is that the applied inerter force is proportional to the relative acceleration between the two ends, and it usually consists of rack and pinion, ball screw and hydraulic mechanism [12,29,30]. Inerter devices have significant mass amplification effect, and the effective mass produced can exceed 100 times of its physical mass [13,31,32]. The principle of the inerter device is that it can transform the linear motion of both ends of the device into the rotational motion of the flywheel when an earthquake occurs, resulting in considerable inerter [33–35]. For example, Ikago et al. realized an apparent mass of 300 kg with a ball screw device with a physical mass of only 2 kg [36], Javidialesaadi et al. designed and produced a ball screw mechanism with a physical mass of only 2 kg to produce an effective mass of 350 kg [13]. It can be seen that in order to produce an equivalent effective mass, the actual physical mass of the inerter device is far less than that of the traditional TMD. In addition, the research also showed that when the TID is placed at the bottom of the main structure, the performance of the TID is the best, which is opposite to the TMD that must be placed at the position where the maximum displacement occurs, that is, the top of the structure [22]. TID can obtain a large inerter mass ratio without increasing the physical mass, so it is considered that TID can replace the traditional TMD and be applied in engineering practice. Based on inerter device, Dai et al. explored the optimal design of Maxwell tuned-mass-damper-inerter (M-TMDI) to mitigate vortex-induced vibration (VIV) of bridges. Based on a two-DOF system, the optimal parameters of a specific M-TMDI, in which the end of the inerter is connected to the fixed ground, are analytically given using the inerter location as a design variable [37]. In addition, Dai et al. aimed at the impact of the location of inerter on the control performance of tuned mass-damping-inerter (TMDI) in wind-induced vibration mitigation of flexible structures, discussed the control effect, optimum design parameters, and high-mode damping effects of the TMDI [38]. Different types of control devices based on inerter devices are also used in base isolated structures. TIDs are installed at the bottom of the structure to further reduce the displacement of isolated floors and the inter story displacement of superstructure [35,39,40]. Among them, the inerter device based on the generator device can collect energy while reducing the displacement of the upper structure, realizing the trade-off between the two contradictory goals of energy collection and vibration control [35]. Gonzalez-Buelga et al. proposed a circuit containing both damping and energy collection effects, and connected it with the electromagnetic transducer to synthesize TID, which also achieved the dual goals of damping and energy collection [41]. Unlike TMD driven by the absolute motion of the damper, TID is driven by the relative motion between the two ends of the device, which actually provides conditions for the corresponding energy collection mode of TID [42].

In order to achieve the best control effect of the vibration control device, different types of optimization methods have been proposed, including the most commonly used method, namely H2 norm optimization. The H2 optimization criterion was first proposed by Crandall and Mark in 1963 and applied to the design of dynamic vibration absorbers (DVAs), with the goal of reducing the total vibration energy of the system at all frequencies [43]. It can be understood that if the vibration control system is subjected to random excitation, that is, the excitation contains an infinite number of frequencies, then it is unnecessary to consider only the resonance frequency of the system. Under this optimization criterion, the area under the frequency response curve of the system (called H2 norm) is the smallest [44]. In the study of vibration control of adjacent buildings based on inerter, Palacios-Quiñonero et al. proposed a computational strategy to design inerter-based multi-actuation systems for the seismic protection of adjacent structures based on an H∞ cost-function and used a constrained global-optimization solver to compute parameter configurations with high-performance characteristics. The research results fully demonstrate the flexibility and effectiveness of the proposed design methodology, and clearly show the superior performance and robustness of the TID actuation systems [45]. Djerouni et al. proposed a new configuration of TMDIs with the goal of studying the seismic response of two adjacent buildings and the pounding distance between them. The results show that the proposed method is effective and better than the existing TID configuration, filling a gap in the research of investigating the effectiveness of TMDI in controlling seismic pounding and the impact of ground motion variability [46]. Taking adjacent buildings as controlled structures, this paper investigated the vibration control performance of serial TID and parallel TID in adjacent buildings. Also, the analytical solutions of the optimum frequency ratio and damping ratio of structural vibration control under random excitation were obtained by using the H2 norm optimization method. In addition, for the convenience of analysis, the random excitation used in this paper is white noise excitation when analyzing the frequency response of the system.

The main contents of this paper are summarized as follows: First, the analytical solutions of the optimum frequency ratio and the optimum damping ratio of adjacent building structures under the coupling of serial TID and parallel TID were obtained by using the H2 optimization method. Secondly, the influence of different structural parameters on the optimum solutions was studied. Then, the classic TMD was introduced to compare with the two types of TID, and the frequency response of adjacent building structures under different damper coupling was analyzed. At the same time, the influence of damper mass was also considered. Then, by changing the optimum frequency ratio and the optimum damping ratio, the robust performance of vibration of adjacent buildings under TID coupling was analyzed. Finally, four types of seismic waves were used to analyze the time history of vibration control of adjacent building structures under two types of TIDs and classic TMD coupling, and the time history of energy collection of adjacent building structures under two types of TIDs coupling was analyzed.

2  Mathematical Model

2.1 Simplified Model of Adjacent Buildings

As shown in Fig. 1a is the simplified model of adjacent buildings, where mLi(i=1,2,…,n), cLi(i=1,2,…,n) and kLi(i=1,2,…,n) are the corresponding mass, damping and stiffness of the i floor of the left building respectively; mRi(i=1,2,…,n), cRi(i=1,2,…,n) and kRi(i=1,2,…,n) are the corresponding mass, damping and stiffness of the i floor of the right building respectively; csj(j=1,2,…,n) and ksj(j=1,2,…,n) are the corresponding damping and stiffness of the j floor of adjacent buildings. Under the excitation of seismic acceleration x¨g, in order to better analyze the vibration control effect of dampers on adjacent building structures, the left and right buildings are simplified into single degree of freedom structures, with their mass, stiffness, and damping values corresponding to the main modes of the structure [47,48]. The simplified model is shown in Fig. 1b. After simplification, the mass, damping and stiffness of the left building are m1, c1 and k1, respectively, and the mass, damping and stiffness of the right building are m2, c2 and k2, respectively. The damping and stiffness between the two buildings are cs and ks, respectively.
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Figure 1: Simplified schematic graph of adjacent building structures

2.2 Inerter Device Concept

Adding ball screw mechanism (including shell and linear guide rail), flywheel and rotary generator inside the damper can transform the relative linear motion between the structure and the ground into rotation when an earthquake occurs, and drive the flywheel and generator to collect energy [35]. The rotating generator and flywheel drive the inerter mass to rotate, and generate resistance to the driving structure. The damper is elastically installed with the structure, which is equivalent to a spring. Fig. 2a shows a simplified model of the inerter device. It is characterized in that the generated force is proportional to the difference of acceleration at both ends [22]. The mechanical equation can be expressed as:

F=b(x¨l−x¨r)(1)

where xl, xr are the displacement of the left and right ends of the inerter device, the symbol “..” denotes the calculation of the second derivative, and b denotes the effective mass.
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Figure 2: Inerter device and two types of inerter-based damper models: (a) Inerter device; (b) Serial TID; (c) Parallel TID

2.3 Damping System

According to Section 2.2, considering different connection modes, two damper models with different configurations based on inerter are formed. According to the different positions of md and kd, serial connection of md and cd is called serial TID, and parallel connection of md and cd is called parallel TID. The two TID models are shown in Figs. 2b and 2c, where md is the effective mass of TID, cd and kd is the damping and stiffness of TID, respectively. Couple the different types of TIDs mentioned above with the simplified adjacent buildings, and the formed models are shown in Fig. 3, where x1, x2 and xd are the displacement of left building, right building and TID under earthquake excitation, respectively.
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Figure 3: The damping system of adjacent buildings coupled with TID: (a) Serial TID damping system; (b) Parallel TID damping system

3  Parameter Optimization Based on H2 Norm Criterion

3.1 Equation Establishment

According to the coupled damping system in Fig. 3, the dynamic balance equation of the system can be listed. We stipulate that the structure on the left which connected to TID is the left structure, and the structure on the right of adjacent buildings is the right structure, and they will be distinguished by left structure and right structure in subsequent expressions.

3.1.1 Serial TID

According to the balance principle of force, the dynamic balance equation can be obtained as follows:

{m1x1¨+mdxd¨+c1x1˙+cs(x1˙−x2˙)+k1x1+ks(x1−x2)=−m1x¨gm2x2¨+c2x2˙+cs(x2˙−x1˙)+k2x2+ks(x2−x1)=−m2x¨gmdxd¨+cd(xd˙−x1˙)+kd(xd−x1)=0(2)

After dimensionless transformation by Laplace transform, the following results are obtained:

{X1(iω)2+mdm1Xd(iω)2+c1m1X1(iω)+csm1(X1−X2)(iω)+k1m1X1+ksm1(X1−X2)=−X¨gm2m1X2(iω)2+c2m1X2(iω)+csm1(X2−X1)(iω)+k2m1X2+ksm1(X2−X1)=−m2m1X¨gmdm1Xd(iω)2+cdm1(Xd−X1)(iω)+kdm1(Xd−X1)=0(3)

Define some new parameters for the next transformation. The defined parameters are shown in Table 1. After substituting them into Eq. (3), there are:
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{X1(iα)2+βdXd(iα)2+2ξ1X1(iα)+2μsξ1(X1−X2)(iα)+X1+λs(X1−X2)=−X¨gω12β2X2(iα)2+2μ2ξ1X2(iα)+2μsξ1(X2−X1)(iα)+λ2X2+λs(X2−X1)=−β2X¨gω12βdXd(iα)2+2βdξdfd(Xd−X1)(iα)+λd(Xd−X1)=0(4)

3.1.2 Parallel TID

According to the balance principle of force, the dynamic balance equation can be obtained as follows:

{m1x1¨+c1x1˙+cs(x1˙−x2˙)+k1x1+ks(x1−x2)+kdxd=−m1x¨gm2x2¨+c2x2˙+cs(x2˙−x1˙)+k2x2+ks(x2−x1)=−m2x¨gmd(x1¨−xd¨)+cd(x1˙−xd˙)−kdxd=−mdx¨g(5)

Similar to the serial TID, it can be obtained from Table 1 and Eq. (5) as follows:

{X1(iα)2+2ξ1X1(iα)+2μsξ1(X1−X2)(iα)+X1+λs(X1−X2)+λdXd=−X¨gω12β2X2(iα)2+2μ2ξ1X2(iα)+2μsξ1(X2−X1)(iα)+λ2X2+λs(X2−X1)=−β2X¨gω12βd(X1−Xd)(iα)2+2βdξdfd(X1−Xd)(iα)−λdXd=−βdX¨gω12(6)

3.2 Solution of the Transfer Function

Before H2 optimization, it is necessary to obtain the normalized displacement transfer functions of the left structure and the right structure under different connection modes of TID. Solve Eqs. (4) and (6) to obtain the following results.

3.2.1 Serial TID

(1)   Left structure

X1s=X1(iα)Xg¨(iα)/ω12=−B4s(iα)4+B3s(iα)3+B2s(iα)2+B1s(iα)+B0sA6s(iα)6+A5s(iα)5+A4s(iα)4+A3s(iα)3+A2s(iα)2+A1s(iα)+A0s(7)

where the superscript “s” denotes serial connection, and the subscript “1” denotes the left structure, and its numerator and denominator coefficients are shown in Appendix A.

(2)   Right structure

X2s=X2(iα)Xg¨(iα)/ω12=−C4s(jα)4+C3s(jα)3+C2s(jα)2+C1s(jα)+C0sA6s(iα)6+A5s(iα)5+A4s(iα)4+A3s(iα)3+A2s(iα)2+A1s(iα)+A0s(8)

where the superscript “s” denotes serial connection, the subscript “2” denotes the right structure, the denominator coefficient is the same as the left structure, and the numerator coefficient is shown in Appendix B.

3.2.2 Parallel TID

(1)   Left structure

X1p=X1(iα)Xg¨(iα)/ω12=−B4p(iα)4+B3p(iα)3+B2p(iα)2+B1p(iα)+B0pA6p(iα)6+A5p(iα)5+A4p(iα)4+A3p(iα)3+A2p(iα)2+A1p(iα)+A0p(9)

where the superscript “p” denotes parallel connection, the subscript “1” denotes the left structure, and its numerator and denominator coefficients are shown in Appendix C.

(2)   Right structure

X2p=X2(iα)Xg¨(iα)/ω12=−C4s(iα)4+C3p(iα)3+C2p(iα)2+C1p(iα)+C0pA6p(iα)6+A5p(iα)5+A4p(iα)4+A3p(iα)3+A2p(iα)2+A1p(iα)+A0p(10)

where the superscript “p” denotes parallel connection, the subscript “2” denotes the right structure, the denominator coefficient is the same as the left structure, and the numerator coefficient is shown in Appendix D.

3.3 Parameters Optimization

In order to verify the damping effect of different types of TID coupled with adjacent buildings, H2 optimization method is used to optimize the parameters of vibration control system, and the external excitation used in this paper is white noise excitation. If the evaluation index is defined as PI, the H2 optimization problem can be expressed as the optimization of the corresponding variance. The form of evaluation index PI is:

PI=12π∫−∞∞|X(iα)Xg¨(iα)/ω2|dα(11)

where X(iα)Xg¨(iα)/ω2 is the normalized transfer function.

To simplify the analysis, take the damping between the left structure and the right structure as 0, that is, from Table 1: ξ1=0, μ2=0, μs=0. After solving the normalized transfer function, the parameters of the left structure and the right structure can be optimized for adjacent buildings with different types of TID coupling.

3.3.1 Optimization Process

(1)   Serial TID

After substituting Eqs. (7) and (8) into the evaluation index PI of Eq. (11), using the formula in Appendix E, the evaluation index PI are calculated as follows:

PI1s=1fdξd(Q1sP1sλd2−Q2sP2sλd+Q3sP3s)+fdξdQ4sP4s(12)

PI2s=1fdξd(N1sM1sλd2−N2sM2sλd+N3sM3s)+fdξdN4sM4s(13)

where the superscript “s” denotes serial connection, the subscripts “1, 2” denote the left structure and the right structure, respectively. Pns (n = 1,2,3,4), Qns (n = 1,2,3,4), Mns (n = 1,2,3,4) and Nns (n = 1,2,3,4) are polynomials composed of βd, β2, λ2 and λs, respectively, see Appendix F and Appendix G for the specific form.

(2)   Parallel TID

After substituting Eqs. (9) and (10) into the evaluation index PI of Eq. (11), using the formula in Appendix E, the evaluation index PI are calculated as follows:

PI1p=fdξdQ1pλd2+1fdξd(Q2p4λd+Q3p4λd2+Q4pP1p)(14)

PI2p=fdξd(N1pλd2M1p+N2pλdM2p+N3pM2p)+1fdξd(N4pλd2M3p+N5pλdM4p+N6pM5p)(15)

where the superscript “p” denotes parallel connection, the subscripts “1, 2” denote the left structure and the right structure, respectively. P1p, Qnp (n = 1,2,3,4), MnP (n = 1,2,3,4,5) and Nnp (n = 1,2,3,4,5,6) are polynomials composed of βd, β2, λ2 and λs, respectively, see Appendix H and Appendix I for the specific form.

3.3.2 Optimization Results

In order to obtain the optimum solutions, the evaluation index PI is used to calculate the partial derivatives of the optimization parameters respectively, and make them equal to 0. The following results are obtained:

(1)   Serial TID

∂PI1s∂fd=0,∂PI1s∂ξd=0,∂PI1s∂λd=0(16)

∂PI2s∂fd=0,∂PI2s∂ξd=0,∂PI2s∂λd=0(17)

By solving Eqs. (16) and (17), respectively, we can get the optimization results (Eq. (18) represents the left structure, and Eq. (19) represents the right structure):

{ξdopt1s=P4s(4(P2s)2Q1sQ3s−P1sP3s(Q2s)2)2P2sP3sQ1sQ4sλdopt1s/βdλdopt1s=P1sQ2s2P2sQ1s(18)

{ξdopt2s=M4s(4(M2s)2N1sN3s−M1sM3s(N2s)2)2M2sM3sN1sN4sλdopt2s/βdλdopt2s=M1sN2s2M2sN1s(19)

Here, it is necessary to point out:

fd=λdβd(20)

(2)   Parallel TID

∂PI1p∂fd=0,∂PI1p∂ξd=0,∂PI1p∂λd=0(21)

∂PI2p∂fd=0,∂PI2p∂ξd=0,∂PI2p∂λd=0(22)

By solving Eq. (21) and by Eq. (20), we can get the optimization results of the left structure under the parallel TID coupling are:

{ξdopt1p=3P1pQ1p(Q2p)2−P1p(Q1p)2(Q2p)2(9P1p(Q2p)2−128Q3pQ4p)−32Q1pQ3pQ4p128(Q1p)2Q4p(λdopt1p/βd)λdopt1p=P1p(Q1p)2(Q2p)2(9P1p(Q2p)2−128Q3pQ4p)16Q1pQ2pQ4p−3P1pQ2p16Q4p(23)

When solving Eq. (22), this equation group is converted into the solution of Eq. (24), which includes:

{ψd(R1λd2+R2λd+R3)−R4λd2−R5λd−R6=0ψd(R7λd−R8)−R9λd−R10=0(24)

where

ψd=(fdξd)2(25)

see Appendix J for the specific form of Rn (n=1,2,…,10).

By solving Eq. (24), and with Eq. (20), the optimization results of the right structure under parallel TID coupling are obtained as follows:

{ξdopt2p=R9λdopt2p+R10(R7λdopt2p−R8)(λdopt2p/βd)λdopt2p=1U1(U2+23(1+i3)(U3+U4)13−2i23(i+3)U5(U3+U4)−13)(26)

where Un (n = 1,2,3,4) is a polynomial composed of Rn (n=1,2,…,10). See Appendix K for the specific form.

4  Parameters Analysis

4.1 Parameters Determination

Before parameters analysis, it is necessary to give specific values of parameters that have not been optimized. In order to facilitate the optimization analysis, the mass, damping and stiffness of the left structure and the right structure are determined to be consistent in this section, that is, Table 1 shows: β2=1.0, λ2=1.0. In the following analysis, we first determine the mass ratio βd and the stiffness ratio λs, and then conduct relevant parameters analysis.

4.1.1 Determination of βd

In Section 3.3.2, the process and results of parameter optimization are given. However, many of the optimization results have root signs. According to the mathematical knowledge, all values under the root sign should be greater than or equal to 0. After considering all the optimization results, it is found that the conditions affecting the value of βd are shown in Eq. (27):

9P1p(Q2p)2−128Q3pQ4p≥0(27)

To determine the value of βd, let the left side of inequality (27) be 0, that is, there is Eq. (28):

γ=9P1p(Q2p)2−128Q3pQ4p=0(28)

Combining Eqs. (H1) and (H2), the image of Eq. (28) is drawn as shown in Fig. 4. It can be seen from the figure that if γ≥0, the value of βd should be between 0 and 0.244. Considering that the value of βd is often small in real life, we can temporarily take the mass ratio βd=0.1 for the next analysis.
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Figure 4: Analysis of the value of mass ratio βd

4.1.2 Determination of λs

It was found during parameter optimization that if λs is the parameter to be optimized, the equation set could not be solved. So, the determination of λs in advance is a key problem, and it is also a different point and difficulty in dealing with the vibration control of adjacent buildings. In the actual project, ks is generally less than the stiffness of the left structure k1. Therefore, it can be determined in advance that the value range of λs is 0.1~0.7. The determination of βd has been given in Section 4.1.1, and the value is 0.1. According to the above conditions, we can get the function of normalized displacement, which only contains normalized frequency α and stiffness ratio λs. The two parameters, then, can draw a three-dimensional graph for analysis, and then determine the value of λs. Fig. 5 shows a three-dimensional graph of normalized displacement under different conditions, considering different values of λs. In Fig. 5, α is between 0 and 2, and λs is between 0.1 and 0.7.
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Figure 5: Three-dimensional graphs of normalized displacement when the stiffness ratio λs take different values: (a) The left structure under serial TID coupling; (b) The right structure under serial TID coupling; (c) The left structure under parallel TID coupling; (d) The right structure under parallel TID coupling

As can be seen from Fig. 5, when λs takes different values, the normalized displacement graph of the left structure coupled with two connection modes TID is similar (Figs. 5a and 5c), and the normalized displacement graph of the right structure is also similar (Figs. 5b and 5d). The peak value of the normalized displacement (for the convenience of description, the peak value of the displacement transfer function graph is called the wave peak) shows that for the left structure, the value of λs does not affect the number of wave peaks. But for the right structure, when λs≤0.3 or so, the number of wave peaks will degenerate into two. It can also be seen from Fig. 5 that when λs≤0.2, the normalized displacement will increase sharply, while when λs is between 0.2 and 0.7, the displacement image tends to be stable and at a low level. In order to facilitate the next research, and considering the better damping performance of the system when λs is large and the constraints of the actual engineering structure, it is decided to set λs as 0.5.

4.1.3 Verification of Optimization Results

After the values of two key parameters βd and λs are determined, they can be substituted into the optimization result equations under different conditions, and the values of the optimum solutions λdopt and ξdopt can be obtained. At the same time, according to the evaluation index PI (Eqs. (12)–(15)) given earlier, a three-dimensional graph of PI (Fig. 6) can be drawn, and the accuracy of the optimization results can be verified.
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Figure 6: Three-dimensional graphs of evaluation index PI by H2 optimization method (λd is the ratio of stiffness of TID to stiffness of left structure, ξd is the nominal damping ratio of TID): (a) The left structure under serial TID coupling; (b) The right structure under serial TID coupling; (c) The left structure under parallel TID coupling; (d) The right structure under parallel TID coupling

It can be seen from Figs. 6a and 6b that the evaluation indexes PI of the left structure and the right structure under the serial TID coupling are similar, the lowest point appears near λd=0.09∼0.11 and ξd=0.10∼0.14. For the three-dimensional graph of evaluation index PI of left structure and right structure under the coupling of parallel TID, it can be seen from Figs. 6c and 6d that when λd≥0.28 and ξd≥0.3, the value of PI1p in three-dimensional graph is relatively stable and the minimum value of PI cannot be obtained within this range, but when λd=0.10∼0.11 and ξd=0.11∼0.15, PI1p can get the minimum value. Similarly, when λd=0.11∼0.13 and ξd=0.10∼0.13, PI2p can get the minimum value. In order to further determine the values of λd and ξd, the contour graphs are drawn in detail as shown in Fig. 7.
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Figure 7: The contour graphs of evaluation index PI of H2 optimization method (a, b, c and d correspond to Fig. 6). The blue pentagram marks the point where PI=0, and its corresponding λd and ξd are the optimum solutions λdopt and ξdopt

From the closure of the contour graphs in Figs. 6 and 7, we can roughly judge the coordinates when PI=0, and the results are listed in Table 2. As mentioned above, the calculated value of the optimum solutions can be obtained by substituting the previously determined parameters: β2=1.0, λ2=1.0, λs=0.5 and βd=0.1 into Eqs. (18), (19), (23) and (26), and the results are shown in Table 2. As can be seen from Table 2, compared with the calculated value of the optimum solutions, the error of the predicted optimum solutions from Fig. 7 is small, and the maximum error is only 3.31%. Therefore, the optimization results obtained by the process in Section 3 are accurate. Due to the error in the estimated value obtained through figure judgment, the calculated values are used for the optimum solution during subsequent analysis.
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4.2 Influence of Parameters on Optimum Solutions

In 1998, Rana et al. put forward that the frequency ratio is an important index that affects the damping performance when designing TMD through the fixed-points theory [49]. Considering the impact of actual engineering on the optimum solution results is conducive to further understanding the laws of TID for vibration control of adjacent building structures. The influence of different parameters on the optimum solution is analyzed as follows:

4.2.1 Influence of Mass Ratios βd and β2

Figs. 8 and 9 are three-dimensional graphs of optimum solutions fdopt and ξdopt of left structure and right structure under the coupling of serial TID and parallel TID, respectively. Figs. 10 and 11 are two-dimensional graphs corresponding to Figs. 8 and 9, respectively.
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Figure 8: Three-dimensional graphs of optimum solutions fdopt and ξdopt under serial TID coupling (λ2=1.0, λs=0.5). In the figure, (a1) and (a2) correspond to the left structure, and (b1) and (b2) correspond to the right structure
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Figure 9: Three-dimensional graphs of optimum solutions fdopt and ξdopt under parallel TID coupling (λ2=1.0, λs=0.5). In the figure, (c1) and (c2) correspond to the left structure, and (d1) and (d2) correspond to the right structure
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Figure 10: The curves of the optimum solutions (fdopt, ξdopt) of the left structure and the right structure under the coupling of serial TID when βd takes different values (a and b correspond to Figs. 8a and 8b)
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Figure 11: The curves of the optimum solutions (fdopt, ξdopt) of the left structure and the right structure under the coupling of parallel TID when βd takes different values (c and d correspond to Figs. 9c and 9d)

In Figs. 8(a1) and 8(a2), the optimum frequency ratio fdopt of the left structure under serial TID coupling decreases with the increase of mass ratio βd, while the optimum damping ratio ξdopt increases with the increase of mass ratio βd. It can be seen from Fig. 10(a1) that when β2 is small, fdopt decreases rapidly, and with the increase of β2, fdopt decreases more and more slowly. In Fig. 10(a2), the value of β2 has little effect on the rising speed of ξdopt. In Figs. 8(b1), and 8(b2), for the right structure coupled by serial TID, β2 has obvious influence on fdopt and ξdopt. When β2 is small, both fdopt and ξdopt decrease with the increase of mass ratio βd; While when β2 is larger, both fdopt and ξdopt increase with the increase of βd. The above results show that the mass ratio β2 has a great influence on the right structure in the adjacent building structures coupled by serial TID. In order to achieve the best control effect, with the increase of βd, the required spring stiffness kd decreases and the damping cd increases for the left structure. However, for the right structure, when the mass ratio β2 is small, with the increase of β2, the required spring stiffness kd and damping cd become smaller and smaller. When the mass ratio β2 is large, with the increase of β2, the required spring stiffness kd and damping cd become larger and larger.

Under parallel TID coupling, it can be seen from Fig. 9 that the fdopt and ξdopt of the left structure and the right structure both increase with the increase of βd. According to the observation in Fig. 11, when β2 is small, fdopt and ξdopt increase rapidly, while when β2 is large, the increasing trend of fdopt and ξdopt slows down. Therefore, the mass ratio β2 has obvious influence on both the left structure and the right structure, and the influence trends are the same. For the left structure and the right structure, in order to achieve the best control effect, with the increase of βd, the required spring stiffness kd and damping cd become larger and larger, and the larger β2 is, the slower the increase speed is.

4.2.2 Influence of Stiffness Ratios λs and λ2

Figs. 12 and 13 are three-dimensional graphs of optimum solutions fdopt and ξdopt of left structure and right structure under the coupling of serial TID and parallel TID, respectively. Figs. 14 and 15 are two-dimensional graphs corresponding to Figs. 12 and 13, respectively.
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Figure 12: Three-dimensional graphs of the optimum solutions fdopt and ξdopt under serial TID coupling (βd=0.1, β2=1.0). In the figure, (a1) and (a2) correspond to the left structure, and (b1) and (b2) correspond to the right structure
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Figure 13: Three-dimensional graphs of the optimum solutions fdopt and ξdopt under parallel TID coupling (βd=0.1, β2=1.0). In the figure, (c1) and (c2) correspond to the left structure, and (d1) and (d2) correspond to the right structure
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Figure 14: The curves of the optimum solutions (fdopt, ξdopt) of the left structure and the right structure under the coupling of serial TID when λs takes different values (a and b correspond to Figs. 12a and 12b)

[image: images]

Figure 15: The curves of the optimum solutions (fdopt, ξdopt) of the left structure and the right structure under the coupling of parallel TID when λs takes different values (c and d correspond to Figs. 13c and 13d)

For the adjacent buildings coupled by serial TID, it can be seen from Figs. 12, 14(a1) and 14(a2) that the optimum frequency ratio fdopt of the left structure increases with the increase of stiffness ratio λ2, and it is not obviously affected by stiffness ratio λs. The optimum damping ratio ξdopt is obviously affected by the stiffness ratio λs. When λs is small, ξdopt first decreases and then increases with the increase of λ2, while when λs is large, ξdopt always increases with the increase of λ2. The above results show that, in order to achieve the best control effect, with the increase of stiffness ratio λs and λ2, the required stiffness provided by TID will be larger for the left structure coupled with serial TID. As for damping, when λs is small, with the increase of λ2, the damping provided by TID decreases first and then increases; when λs is large, with the increase of λs, the damping required by TID is larger. It can be seen from Figs. 12, 14(b1) and 14(b2) that the optimum frequency ratio fdopt and the best damping ratio ξdopt of the right structure are significantly affected by the stiffness ratio λs. When λs is small (λs≤0.3), fdopt increases first and then decreases and then increases with the increase of stiffness ratio λ2, and ξdopt increases first and then decreases with the increase of stiffness ratio λ2. When λs is larger (0.3<λs≤0.7), both fdopt and ξdopt increase with the increase of stiffness ratio λ2, and the increasing speed is relatively slow. The above results show that, in order to achieve the best control effect, when λs is small, with the increase of λ2, the stiffness provided by TID increases first and then decreases and then increases, and the required damping increases first and then decreases. When λs is larger, the larger λ2 is, the greater the stiffness and damping that TID needs to provide.

For adjacent buildings with parallel TID coupling, it can be seen from Figs. 13, 15(c1) and 15(c2) that the optimum frequency ratio fdopt of the left structure is obviously affected by the stiffness ratio λs. When λs is small, fdopt first decreases and then increases with the increase of λ2, while when λs is larger, fdopt always increases with the increase of λ2. ξdopt is not obviously affected by the stiffness ratio λs. Under the same stiffness ratio λs, ξdopt decreases with the increase of λ2. The above results show that, in order to achieve the best control effect, when λs is small, with the increase of λ2, the stiffness provided by TID decreases first and then increases, and the required damping also decreases first and then increases; when λs is larger, with the increase of λ2, the stiffness required by TID is larger, and the required damping also decreases first and then increases. For the right structure, it can be seen from Figs. 13, 15(d1) and 15(d2) that the optimum frequency ratio fdopt and the optimum damping ratio ξdopt are significantly affected by the stiffness ratio λs, similar to the serial TID. When λs is small (λs≤0.3), fdopt increases first and then decreases and then increases with the increase of stiffness ratio λ2, and ξdopt increases first and then decreases with the increase of stiffness ratio λ2. When λs is larger (0.3<λs≤0.7), both fdopt and ξdopt increase with the increase of stiffness ratio λ2, and the increasing speed is relatively slow. This shows that, in order to achieve the best control effect, with the change of stiffness ratio λs and λ2, the change trend of required stiffness and damping of the right structure coupled with parallel TID is similar to that of the right structure coupled with serial TID.

5  Frequency Response Analysis

After parameter analysis, we introduce classic tuned mass damper (TMD) into the earthquake resistance of adjacent building structures, and analyze its vibration control performance. Under the condition that all the conditions of the specified structure are unchanged, the vibration control performance of two types of TID and TMD are compared.

5.1 Classic TMD System

5.1.1 Classic TMD Equations

Fig. 16 shows the damping model of adjacent buildings coupled with TMD, which is the same as the definition in Section 3.1. It is defined that the structure on the left side is the left structure and the structure on the right side is the right structure. The mass, damping and stiffness of TMD are mt, ct and kt, respectively. m1, m2 are the mass of the left structure and the right structure, respectively, c1, c2 and cs are the damping of the left structure, the right structure and the damping between the left and right structures, respectively, k1, k2 and ks are the stiffness of the left structure, the right structure and the stiffness between the left and right structures, respectively. x¨g is the acceleration of seismic waves, and x1, x2 and xt are the displacement of the left structure, right structure and TMD, respectively.
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Figure 16: The damping system of adjacent buildings coupled with classic TMD

According to the principle of force balance, the dynamic equilibrium equations are:

{m1x1¨+c1x1˙+cs(x1˙−x2˙)+ct(x1˙−xt˙)+k1x1+ks(x1−x2)+kt(x1−xt)=−m1x¨gm2x2¨+c2x2˙+cs(x2˙−x1˙)+k2x2+ks(x2−x1)=−m2x¨gmtxt¨+ct(xt˙−x1˙)+kt(xt−x1)=−mtx¨g(29)

Using Laplace transform to make dimensionless, and after finishing, get:

{X1(iα)2+2ξ1X1(iα)+2μsξ1(X1−X2)(iα)+2βtξtft(X1−Xt)(iα)+X1+λs(X1−X2)+ λt(X1−Xt)=−X¨gω12β2X2(iα)2+2μ2ξ1X2(iα)+2μsξ1(X2−X1)(iα)+λ2X2+λs(X2−X1)=−β2X¨gω12βtXt(iα)2+2βtξtft(Xt−X1)(iα)+λt(Xt−X1)=0(30)

where βt=mt/m1 is the ratio of the classic TMD mass to the left structure mass, ξt=ct/2ktmt is the nominal damping ratio of classic TMD, λt=kt/k1 is the ratio of classic TMD stiffness to left structural stiffness, ft=ωt/ω1 is the ratio of the nominal frequency of the classic TMD to the frequency of the left structure, Xt is the form of xt after Laplace transformation. The definitions of other parameters are the same as those in Section 3.1.1, see Table 1.

5.1.2 Optimization Results

Same as the steps in Section 3, the optimization results obtained by H2 optimization method are as follows:

(1)   Left structure

{ξtopt1=P4(4(P2)2Q1Q3−P1P3(Q2)2)2P2P3Q1Q4λtopt1/βtλtopt1=P1Q22P2Q1(31)

where Pn (n = 1,2,3,4) and Qn (n = 1,2,3,4) are polynomials composed of βt, β2, λ2 and λs, respectively, see Appendix L for the specific form.

Similarly, for the classic TMD, there are:

ft=λtβt(32)

(2)   Right structure

{ξtopt2=M4(4(M2)2N1N3−M1M3(N2)2)2M2M3N1N4λtopt2/βtλtopt2=−M1N22M2N1(33)

where Mn (n = 1,2,3,4) and Nn (n = 1,2,3,4) are polynomials composed of βt, β2, λ2 and λs, respectively, see Appendix M for the specific form.

In order to compare the damping performance of two types of TID and classic TMD, this section adopts the parameters determined in Section 4.1, namely β2=1.0, λ2=1.0, λs=0.5. When analyzing the parameters of TID, we take the mass ratio βd=0.1, so when analyzing the damping effect of adjacent buildings under the classic TMD coupling, we also take the mass ratio βt=0.1, and then make the next comparative analysis.

5.2 Comparison of Vibration Control Effect

In the previous analysis, the values of relevant parameters have been determined as follows: β2=1.0, λ2=1.0, λs=0.5, the βd of adjacent buildings under TID coupling is 0.1, and the βt of adjacent buildings under classic TMD coupling is also 0.1. The normalized displacement figure under different conditions is shown in Fig. 17.
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Figure 17: Normalized displacement graphs of the left structure and right structure of adjacent buildings with different types of dampers (β2=1.0, λ2=1.0, λs=0.5, βd=0.1, βt=0.1)

As can be seen from Fig. 17, the similarity of normalized displacement curves under different conditions is high, and there are three peaks. According to the observation of Fig. 17a, compared with the highest point of the whole curve, the parallel TID value is the smallest; according to the observation of Fig. 17b, compared with the highest point of the whole curve, the classic TMD value is the smallest. The above results show that when damping adjacent buildings, the best control effect can be achieved by selecting parallel TID for the left structure and classic TMD for the right structure. For further comparison, the relevant data of Figs. 17a and 17b are summarized in Table 3. It can be seen from the table that compared with the highest point of displacement curve, the left structure is smaller than the right structure for the adjacent buildings coupled by serial and parallel TIDs, which indicates that TID has better vibration control effect for the left structure. However, for the adjacent buildings coupled with classic TMD, the highest point of the displacement curve of the left structure is larger than that of the right structure, which indicates that the classic TMD has a better damping effect on the right structure. From the results given in Table 3, it can be seen that if the size of the area S (i.e., H2 norm) enclosed by the displacement curve and the coordinate axis in the normalized frequency range of 0~2.0 is taken as the basis (hereinafter referred to as area S for convenience of analysis), the serial TID has a better vibration control effect for the left structure, and the classic TMD has a better vibration control effect for the right structure.
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As far as the damping effect of TID is concerned, only the specific case of mass ratio βd=0.1 has been analyzed above, which is obviously not well considered. Fig. 18 is a three-dimensional graph of the normalized displacement of the left structure and the right structure under the coupling of serial TID and parallel TID. From this graph, it can be found that the normalized displacement will gradually decrease with the increase of the mass ratio βd. For better comparison, the peak value and area S of the displacement curve when βd takes different values are calculated and summarized in Fig. 19.
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Figure 18: Three-dimensional graphs of normalized displacement when the mass ratio βd takes different values: (a) The left structure under serial TID coupling; (b) The right structure under serial TID coupling; (c) The left structure under parallel TID coupling; (d) The right structure under parallel TID coupling (β2=1.0, λ2=1.0, λs=0.5)
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Figure 19: Considering the different values of mass ratio βd, the related calculation results of normalized displacement graphs of left structure and right structure under the coupling of serial TID and parallel TID (In the figure, the line graph represents the maximum value of the normalized displacement, and the column graph represents the area S enclosed by the displacement curve and the coordinate axis, that is, the H2 norm)

It can be seen from Fig. 19a that increasing the mass ratio βd can obviously enhance the damping effect. From the peak value of displacement, when βd≤0.1, increasing βd will obviously reduce the peak value of displacement. However, when βd>0.1, the peak value of displacement will decrease more and more slowly. By observing the change of the area S in the bar graph, the height difference between the two bar graphs is also slowly decreasing. According to the line graph and bar graph, it can be found that parallel TID has obvious advantages in controlling the peak displacement, and this advantage becomes greater with the increase of βd. Comparing the size of area S, it can be seen that serial TID has a significant advantage in controlling the overall vibration control effect, and this advantage increases with the increase of βd. It can be seen from the line graph and curve graph in Fig. 19b that the value of βd has the same effect on the peak displacement and area S of the right structure and the left structure. At the same time, for the right structure, the serial TID has a significant advantage in controlling the overall vibration control effect, and this advantage increases with the increase of βd. However, compared with the peak value of the displacement of the right structure, the serial TID and the parallel TID are similar in size, and the influence of βd is not obvious.

The above analysis results show that when the mass of the damper is small compared with that of the left structure (βd≤0.1), increasing the mass of the damper can really enhance the damping effect. However, when the mass of the damper increases gradually compared with that of the left structure (βd>0.1), the constraints of actual cost and site conditions should be considered, and the damping effect of the damper with large mass compared with the left structure is not obviously improved. In addition, when controlling the peak displacement of adjacent buildings under earthquake, parallel TID should be given priority. If H2 norm is taken into account, it is better to choose serial TID.

5.3 Robustness Performance Analysis

Optimization parameters in practical engineering often change. In order to make adjacent buildings achieve more robust vibration control effect, it is necessary to analyze their robustness. Fig. 20 is the robustness analysis curve of the left structure and the right structure under the coupling of serial TID and parallel TID. The optimum frequency ratio fdopt and the optimum damping ratio ξdopt are the influencing factors.
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Figure 20: Robustness performance analysis curves of left structure and right structure of adjacent buildings under the coupling of serial TID and parallel TID: (a) Serial TID is coupled with the left structure; (b) Serial TID is coupled with the right structure; (c) Parallel TID is coupled with the left structure; (d) Parallel TID is coupled with the right structure (β2=1.0, βd=0.1, λ2=1.0, λs=0.5)

As shown in Fig. 20, slightly change the damping ratio the value of ξdopt has little influence on the vibration control effect of adjacent buildings under serial and parallel TID coupling, and only causes slight changes at the peak position, which indicates that the normalized displacement is not sensitive to the change of damping ratio. However, if the frequency ratio fdopt is slightly changed, it can be seen from Fig. 20 that the normalized displacement change is significant. In addition, it can be seen from the Fig. 20d that there is a special case, that is, when the frequency ratio fdopt of the right structure under parallel TID coupling decreases, the amplitude of change is so large that the change of wave peak height cannot be accurately seen.

To further determine the size of the change, the detailed drawing of Fig. 20d is shown in Fig. 21. It can be seen from the figure that the right structure in adjacent buildings under the coupling of parallel TIDs is extremely sensitive to the reduction of frequency ratio fdopt, and the displacement after the change is very large, and the vibration control effect decreases obviously. The above results show that, in the actual engineering structure design, in order to achieve more robust vibration control effect of adjacent building structures, the change of stiffness is more worthy of attention than the change of damping of TID.
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Figure 21: Robust performance analysis curve of the right structure of adjacent buildings under the coupling of parallel TID

6  Time Domain Simulation

6.1 Vibration Control Performance

In the foregoing analysis, we assume that the external excitation is white noise excitation with evenly distributed energy at all frequencies, but the ground motion caused by earthquake is actually not ideal white noise [35]. Therefore, it is necessary to simulate and verify the seismic performance of adjacent buildings under the coupling of serial TID and parallel TID. Taking two ten-story frame structures as an example, the relevant parameters of the adjacent building structures are: m1=m2=5.897×104 kg, c1=c2=67.4×103 N⋅s/m, cs=33.7×103 N⋅s/m, k1=k2=4.81×107 N/m, ks=2.405×107 N/m [50], βd=0.1, βt=0.1 and relevant parameters of dampers are determined in Table 4. The external excitation is four commonly used seismic waves, namely: El Centro (May 18, 1940), Taft (July 21, 1952), Loma Prieta (October 17, 1989) and Chi-Chi (September 21, 1999) [2,35]. Fig. 22 shows the acceleration time history of four types of seismic waves. Under the excitation of four types of seismic waves, the displacement time history curves of adjacent buildings coupled with different dampers are shown in Figs. 23 and 24.
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Figure 22: Acceleration time history curves of four types of seismic waves
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Figure 23: Displacement time history graphs of the left structure under four types of seismic waves excitation
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Figure 24: Displacement time history graphs of the right structure under four types of seismic waves excitation

It can be seen from Fig. 23 that under the excitation of different types of seismic waves, compared with the displacement of the left structure in the uncontrolled state, the three dampers have good damping effects in the whole range. Comparing the displacement of three dampers, it is found that the displacement of classical TMD is slightly larger than that of serial or parallel TID. In order to make a more accurate comparison, the peak and root mean square values of the displacement of the left structure coupled with three different types of dampers are summarized, as shown in Table 5. It can be seen from Table 5 that, compared with the peak displacement in uncontrolled state, the peak control effect of the serial TID is at least 10.1% and at most 47.8%; the peak control effect of parallel TID is at least 9.5% and at most 45.9%; the peak control effect of classic TMD is at least 2.8% and at most 42.3%. As for the control effect of RMS, the control effect of serial TID is at least 21.6% and at most 53.2%; the control effect of parallel TID is at least 18.6% and at most 51.3%, the control effect of classical TMD is at least 14.7% and at most 49.4%. It can be found that under the vibration control of the above model, the root mean square control effect is often greater than the peak damping ratio. The above results show that for the left structure coupled with three types of dampers, all of them can achieve good damping effect, among which the serial TID has the best damping effect, the parallel TID is the second, and the classic TMD is the last.
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It can be seen from Fig. 24 that, similar to the left structure, under the excitation of different types of seismic waves, compared with the displacement of the right structure in the uncontrolled state, the three dampers have good damping effects in the whole range. Comparing the displacement of three dampers, it is found that the displacement of classic TMD is slightly larger than that of serial or parallel TID. It can be seen from Table 5 that, for the right structure, compared with the peak displacement in uncontrolled state, the peak control effect of the serial TID is at least 12.6% and at most 51.1%; the peak control effect of parallel TID is at least 11.4% and at most 50.7%; the peak control effect of classic TMD is at least 7.9% and at most 48.0%. As for the control effect of RMS, the control effect of serial TID is at least 22.6% and at most 51.9%; the control effect of parallel TID is at least 21.6% and at most 50.6%, the control effect of classical TMD is at least 20.6% and at most 51.3%. The above results show that for the right structure coupled with three types of dampers, all of them can achieve good damping effect, among which the serial TID has the best damping effect, the parallel TID is the second, and the classic TMD is the last. In addition, it can be found that the right structure can achieve better damping effect than the left structure when the adjacent buildings are coupled with the same damper.

6.2 Energy Collection

As mentioned in Section 2.2, installing the roller generator inside the inerter device can collect part of the vibration energy during the earthquake and make use of it. Therefore, in this paper, we connect the left structure with the TID to collect the vibration energy of the building structure. Based on the fact that the power consumption of the external resistor is basically equivalent to that of the TID buffer element, the power calculation formula can be expressed as P=c1x˙12. Fig. 25 shows the energy collection graph of the left structure under the excitation of four types of seismic waves, coupled with serial TID and parallel TID. It can be seen from Fig. 25 that the energy power value of the left structure under the excitation of El Centro seismic waves is larger than that of the other three types of seismic waves, showing the best energy collection effect, and the energy collection effects of the other three types of seismic waves are similar. For more accurate comparison, the peak and average values of power in Fig. 25 are summarized in Table 6. As can be seen from Table 6, under the excitation of the same type of seismic wave, in most cases, the peak value and average value of the collected power of the left structure with parallel TID coupling are higher than those of the left structure with serial TID, this shows that, on the premise of similar vibration control effect, the parallel TID should be preferred for the energy collection of the left structure of adjacent buildings.
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Figure 25: Energy collection graphs of the left structure under four types of seismic waves excitation
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It can be seen from Table 6 that the left structure under the excitation of El Centro seismic wave has a remarkable energy collection effect, with its power peak value reaching 2525.56 W and power root mean square value reaching 44.66 W. According to the calculation, the energy collected in the whole period of El Centro seismic wave is 1.44 × 105 J. Compared with the classical TMD, it is known from the analysis results in Section 5.2 that the vibration reduction effect of TID is better than that of the classic TMD. At the same time, TID has the advantage of collecting energy, when an earthquake occurs, it can store part of the energy for the structure itself, and use it according to the actual situation. Therefore, in real life, when the economic cost is similar, compared with the classic TMD, TID should be preferred to achieve the dual effects of structural vibration control and energy collection.

7  Conclusions

In this paper, two types of tuned inerter damper (TID) adjacent building damping systems composed of springs, inerters and dampers in serial or in parallel were proposed. H2 norm criterion was adopted to optimize and adjust the damping system of adjacent buildings, so that the system had the best damping performance under the random excitation of white noise. The parameter analysis, frequency response analysis, robustness analysis, time history response analysis and energy collection analysis of the system were carried out successively. Through the above analysis, the following conclusions are drawn:

(1) As for the H2 norm optimization results of adjacent buildings, when considering the value of mass ratios β2 and βd, only the change trend of fdopt and ξdopt of the right structure under the coupling of serial TID was fluctuating, and the rest changed smoothly. When considering the values of stiffness ratio λ2 and λs, the change trend of fdopt and ξdopt of the right structure under the coupling of serial TID and parallel TID were fluctuating, while the rest changed smoothly. For the left structure, the ξdopt of serial TID and the fdopt of parallel TID were fluctuating, and the rest of the situation changed smoothly.

(2) When studying the displacement frequency response of adjacent buildings, it was found that when βd=0.1, based on the peak displacement, compared with the classic TMD, the parallel TID had a better damping effect on the left structure, but the improvement effect of TID on the right structure was not obvious. Based on the H2 norm in the normalized frequency range of 0~2.0, compared with the classic TMD, the serial TID had a better control effect on the left structure, but the improvement effect of TID on the right structure was not obvious. Changing the mass ratio, when βd≤0.1, increasing the damper mass could obviously enhance the damping effect, but when βd>0.1, the enhancement effect was not obvious. In addition, parallel TID had obvious advantages in controlling the peak displacement of the left structure, and the larger βd is, the more obvious it is, but it had no obvious superiority for the right structure. Serial TID had obvious advantages in controlling H2 norm of the left structure and the right structure, and the larger βd is, the more obvious it is.

(3) As for the seismic robustness of adjacent building structures under TID coupling, the normalized displacement was less affected by the optimum damping ratio ξdopt, but significantly affected by the optimum frequency ratio fdopt, especially for the right structure under parallel TID coupling. In actual engineering, when facing the vibration problem of adjacent buildings under white noise excitation, if we want to achieve more robust control, the first thing we need to pay attention to was the stiffness of the damper, followed by the damping.

(4) The time history analysis results of adjacent buildings excited by four types of seismic waves showed that all three types of dampers could achieve a good damping effect, among which the serial TID was the best, the parallel TID was the second, and the classic TMD was the last. In addition, for adjacent buildings coupled with the same damper, the right structure could often achieve a better damping effect than the left structure. According to the time history analysis of energy collection of adjacent buildings excited by four types of seismic waves, it was found that the left structure excited by El Centro seismic waves had the best energy collection effect, with its instantaneous peak power reaching 2525.56 W and the root mean square power reaching 44.66 W in the whole period. According to the calculation, the energy collected in the whole period of El Centro seismic wave was 1.44 × 105 J. In addition, when collecting the vibration energy of adjacent building structures under earthquake excitation, it was found that parallel TID should be given priority.

Based on the above analysis results, in general, the proposed TIDs with different connection modes had significant effects on the vibration control of adjacent buildings, and their performance was superior to that of classic TMDs. In addition, this type of TID also had the function of energy collection, which further expands its application range. The research results of this article could provide some reference significance for the vibration control research of adjacent buildings, however, the application of TIDs proposed in this paper in practical engineering needs further research and demonstration to achieve better vibration control effects.
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Appendix A. The numerator and denominator coefficients of Eq. (7) are as follows:

{B0s=λd(λ2+(β2+1)λs)B1s=2(βdfdξd(λ2+(β2+1)λs)+ξ1λd(μ2+(β2+1)μs))B2s=β2λd+βd(4ξ1fdξd(μ2+(β2+1)μs)+λ2+(β2+1)λs)B3s=2βd(β2fdξd+μ2ξ1+(β2+1)ξ1μs)B4s=β2βd(A1)

{A0s=λd(λs+λ2(λs+1))A1s=2(λ2(βdfdξd(λs+1)+ξ1λd(μs+1))+βdfdξdλs+ξ1λd(μ2+(μ2+1)λs+μs))A2s=βd(λs(4(μ2+1)ξ1fdξd+λd+1)+λ2(4ξ1fdξd+4ξ1fdξdμs+λd+λs+1)+4ξ1fdξd(μ2+μs))+λd(λ2+4μ2ξ12+β2(λs+1)+λs+4μ2ξ12μs+4ξ12μs)A3s=2(βd(β2fdξd+4μ2ξ12fdξd+λs((β2+1)fdξd+(μ2+1)ξ1)+λ2(fdξd+ξ1(μs+1))+4ξ12fdξdμs+4μ2ξ12fdξdμs+μ2ξ1λd+ξ1λdμs+μ2ξ1+ξ1μs)+βd2fdξd(λ2+λs)+ξ1λd(μ2+β2(μs+1)+μs))A4s=β2(βd(4ξ1fdξd+4ξ1fdξdμs+λd+λs+1)+λd)+βd(4ξ1(μs((βd+1)fdξd+ξ1)+μ2((βd+1)fdξd+ξ1(μs+1)))+λ2+λs)A5s=2βd(β2((βd+1)fdξd+ξ1(μs+1))+ξ1(μ2+μs))A6s=β2βd(A2)


							 
Appendix B. The numerator coefficient of Eq. (8) is as follows:

{C0s=λd(β2(λs+1)+λs)C1s=2(β2(βdfdξd(λs+1)+ξ1λd(μs+1))+βdfdξdλs+ξ1λdμs)C2s=βd(4ξ1fdξdμs+λs)+β2(βd(4ξ1fdξd+4ξ1fdξdμs+λd+λs+1)+λd)C3s=2βd(β2((βd+1)fdξd+ξ1(μs+1))+ξ1μs)C4s=β2βd(B1)



Appendix C. The numerator and denominator coefficients of Eq. (9) are as follows:

{B0p=λd(λ2(βd+1)+(β2+βd+1)λs)B1p=2(βdfdξd(λ2+(β2+1)λs)+ξ1λd(μ2(βd+1)+(β2+βd+1)μs))B2p=β2λd+βd(4μ2ξ1fdξd+β2(4ξ1fdξdμs+λd+λs)+4ξ1fdξdμs+λ2+λs)B3p=2βd(β2fdξd+μ2ξ1+(β2+1)ξ1μs)B4p=β2βd(C1)

{A0p=λd(λs+λ2(λs+1))A1p=2(λd(λs(βdfdξd+(μ2+1)ξ1)+ξ1(μ2+μs))+λ2(λd(βdfdξd+ξ1(μs+1))+βdfdξd(λs+1))+βdfdξdλs)A2p=βd(4ξ1fd(λd+1)ξd(μ2+μs)+λs(4(μ2+1)ξ1fdξd+λd+1)+λ2(4ξ1fdξd+4ξ1fdξdμs+λd+λs+1))+λd(λ2+4μ2ξ12+β2(λs+1)+λs+4μ2ξ12μs+4ξ12μs)A3p=2(βd(β2fdλdξd+β2fdξd+4μ2ξ12fdξd+λs((β2+1)fdξd+(μ2+1)ξ1)+λ2(fdξd+ξ1(μs+1))+4ξ12fdξdμs+4μ2ξ12fdξdμs+μ2ξ1λd+ξ1λdμs+μ2ξ1+ξ1μs)+ξ1λd(μ2+β2(μs+1)+μs))A4p=β2(βd(4ξ1fdξd+4ξ1fdξdμs+λd+λs+1)+λd)+βd(4ξ1(μs(fdξd+ξ1)+μ2(fdξd+ξ1(μs+1)))+λ2+λs)A5p=2βd(β2(fdξd+ξ1(μs+1))+ξ1(μ2+μs))A6p=β2βd(C2)



Appendix D. The numerator coefficient of Eq. (10) is as follows:

{C0p=λd((βd+1)λs+β2(λs+1))C1p=2(β2(λd(βdfdξd+ξ1(μs+1))+βdfdξd(λs+1))+βdfdξdλs+ξ1(βd+1)λdμs)C2p=βd(4ξ1fdξdμs+λs)+β2(βd(4ξ1fdξd+4ξ1fdξdμs+λd+λs+1)+λd)C3p=2βd(β2(fdξd+ξ1(μs+1))+ξ1μs)C4p=β2βd(D1)



Appendix E. Using the Residue Theorem, the evaluation index PI can be calculated by the following formula:

PI=12π∫−∞+∞|−B4(iα)4+B3(iα)3+B2(iα)2+B1(iα)+B0A6(iα)6+A5(iα)5+A4(iα)4+A3(iα)3+A2(iα)2+A1(iα)+A0|2dα=NumDen(E1)

where

Num=−B52(−A6A3A1A0+A6A2A12−A52A02+2A5A4A1A0+A5A3A2A0−A5A22A1−A42A12−A4A32A0+A4A3A2A1)+A6(B42−2B5B3)(−A5A1A0+A4A12+A32A0−A3A2A1)+A6(−B32+2B4B2−2B5B1)(−A6A12−A5A3A0+A5A2A1)+A6(B22−2B3B1+2B4B0)×(A6A3A1+A52A0−A5A4A1)+A6(−B12+2B2B0)(A6A5A1−A6A32−A52A2+A5A4A3)+A6B02A0(A62A12+A6A5A3A0−2A6A5A2A1−A6A4A3A1+A6A32A2−A52A4A0+A52A22+A5A42A1−A5A4A3A2)(E2)

Den=2A6(A62A13+3A6A5A3A1A0−2A6A5A2A12−A6A4A3A12−A6A33A0+A6A32A2A1+A53A02−2A52A4A1A0−A52A3A2A0+A52A22A1+A5A42A12+A5A4A32A0−A5A4A3A2A1)(E3)



Appendix F. In Eq. (12), the specific forms of Pns (n = 1,2,3,4) and Qns (n = 1,2,3,4) are:

{P1s=4βd3(λs+λ2(λs+1))3P2s=4βd2(λs+λ2(λs+1))2P3s=4βd(λs+λ2(λs+1))P4s=βd(λs+λ2(λs+1))2(F1)

{Q1s=(2β23λs(λs+1)((βd+2)λs+1)+β22λs(λ2(βd+1)((βd+3)λs+2)+λs(βd2λs+βd(6λs+2)+6λs+ 3))+2β2(βd+1)λs(λ2+λs)(λ2(βd+1)+(βd+2)λs)+(βd+1)2(λ2+λs)3+β24(λs+1)3)Q2s=(β22λs((βd+6)λs+4)+2β2λs(λ2(βd+2)+(βd+3)λs)+(βd+2)(λ2+λs)2+2β23(λs+1)2)Q3s=λ2+β22(λs+1)+2β2λs+λsQ4s=(β22λs((βd+3)λs+2)+β2λs(2λ2(βd+1)+(2βd+3)λs)+(βd+1)(λ2+λs)2+β23(λs+1)2)(F2)



Appendix G. In Eq. (13), the specific forms of Mns (n = 1,2,3,4) and Nns (n = 1,2,3,4) are:

{M1s=4βd3λs2(λs+λ2(λs+1))3M2s=4βd2λs2(λs+λ2(λs+1))2M3s=4βdλs2(λs+λ2(λs+1))M4s=βdλs2(λs+λ2(λs+1))2(G1)

{N1s=2β2βd2λs5+βd2λs5+2βdλs5+βd2λ2λs4+2βdλ2λs4+6β22βd(λs+1)λs4+(λ2+λs)λs4+2β2(2λs+1)λs4+2β2βd(3λs+1)λs4+β22βd2(λs3+1)λs2+2β23βd(λs−1)(λs+1)3λs−β22βd2λ2(λs−2)(λs+1)2λs−2β22βdλ2(λs+1)2(2λs−1)λs+β24(λs+1)5−2β23βdλ2(λs+1)4+β22βd2λ22(λs+1)3+2β22βdλ22(λs+1)3+2β23(λs+1)3(2λs2−λ2(λs+1))+β22(λs+1)(3(2λs+1)λs3−3λ2(λs+1)λs2+λ22(λs+1)2)N2s=(βd+2)λs4+2β23(λs+1)4−β22(λs+1)2(2(βd+2)λ2(λs+1)−λs(βd(λs−2)+6λs))+2β2(((βd+3)λs+2)λs3−λ2(λs+1)(βd(λs−1)+2λs)λs+(βd+1)λ22(λs+1)2)N3s=λs3−λ2λs2+β22(λs+1)3+λ22(λs+1)−2β2(λs+1)(λ2(λs+1)−λs2)N4s=(βd+1)λs4+β23(λs+1)4−β22(λs+1)2(2(βd+1)λ2(λs+1)−λs(βd(λs−2)+3λs))+β2((βd2+2λs2βd+λs(3λs+2))λs2+2(βd+1)λ2(βd−λs)(λs+1)λs+(βd+1)2λ22(λs+1)2)(G2)



Appendix H. In Eq. (14), the specific forms of P1p, Qnp (n = 1,2,3,4) are:

P1p=4βd(λs+λ2(λs+1))(H1)

{Q1p=(β2+1)βdQ2p=−2β2−βd−2Q3p=(λ2+1)βdQ4p=2β2(βd+1)λs+(βd+1)2(λ2+λs)+β22(λs+1)(H2)



Appendix I. In Eq. (15), the specific forms of MnP (n = 1,2,3,4,5) and Nnp (n = 1,2,3,4,5,6) are:

{M1p=β2λs2M2p=λs2M3p=4β22λs2M4p=4β2λs2M5p=4βdλs2(λs+λ2(λs+1))(I1)

{N1p=βd(λ22+β22(λs+1)2+β2(λs2−2λ2(λs+1)))N2p=2βd(β2(λs+1)−λ2)N3p=β2βdN4p=βd(β22(λs+1)(λs+λ2(λs+1))−2β2λ2(λs+λ2(λs+1))+λ22(λ2+λs))N5p=−2λ22(βd+1)+β2(βd+2)(2λ2(λs+1)−λs2)−2β22(λs+1)2N6p=−2β2(βd+1)(λ2(λs+1)−λs2)(λs+1)+(βd+1)2(λs3−λ2λs2+λ22(λs+1))+ β22(λs+1)3(I2)



Appendix J. The specific forms of Rn (n = 1, 2,…,10) are:

R1=M1pM3pM4pM5pN3p(J1)

R2=M1pM3pM4pM5pN2p(J2)

R3=M2pM3pM4pM5pN1p(J3)

R4=M1pM2pM3pM4pN6p(J4)

R5=M1pM2pM3pM5pN5p(J5)

R6=M1pM2pM4pM5PN4p(J6)

R7=−M1pM3pM4pN2p(J7)

R8=2M2pM3pM4pN1p(J8)

R9=M1pM2pM3pN5p(J9)

R10=2M1pM2pM4pN4p(J10)



Appendix K. The optimization results Eq. (26) can be obtained by solving Eq. (24), where the specific form of polynomial Rn (n = 1, 2, …, 10) are as follows:

U1=12(R4R7−R1R9)(K1)

U2=4(R4R8+R2R9+R1R10−R5R7)(K2)

U3=2R53R73−9R4R5R6R73+3R4R52R8R72−18R42R6R8R72−6R2R52R9R72+9R3R4R5R9R72+9R2R4R6R9R72+9R1R5R6R9R72−27R3R42R10R72−6R1R52R10R72+9R2R4R5R10R72+9R1R4R6R10R72−3R42R5R82R7−9R2R3R4R92R7+6R22R5R92R7−9R1R3R5R92R7−9R1R2R6R92R7−9R1R2R4R102R7+6R12R5R102R7−9R3R42R8R9R7−9R1R52R8R9R7+3R2R4R5R8R9R7+45R1R4R6R8R9R7−9R2R42R8R10R7+3R1R4R5R8R10R7−9R22R4R9R10R7+45R1R3R4R9R10R7+3R1R2R5R9R10R7−9R12R6R9R10R7−2R43R83−2R23R93+9R1R2R3R93−2R13R103−6R22R4R8R92+9R1R3R4R8R92+9R1R2R5R8R92−27R12R6R8R92−6R12R4R8R102+3R12R2R9R102−6R2R42R82R9+9R1R4R5R82R9−6R1R42R82R10+3R1R22R92R10−18R12R3R92R10−3R1R2R4R8R9R10+9R12R5R8R9R10(K3)

U4=4(3(R1R9−R4R7)(−R6R7+R5R8+R3R9+R2R10)−(−R5R7+R4R8+R2R9+R1R10)2)3+(−2R53R73+9R1R2R6R92R7+9R12R6R9R10R7−3R52(R4R7R8−2R2R7R9−R1(3R8R9+2R7R10))R7+2R43R83+2R23R93−9R1R2R3R93+2R13R103+27R12R6R8R92−3R12R2R9R102−3R1R22R92R10+18R12R3R92R10−3R5(R10(3R8R9+2R7R10)R12+R9(3R6R72−3R3R9R7+R2(3R8R9+R7R10))R1−R42R7R82+2R22R7R92+R4(−3R6R73+3R3R9R72+3R2R10R72+R2R8R9R7+R1R8R10R7+3R1R82R9))+3R42(6R6R8R72+3R3(R8R9+3R7R10)R7+R8(2R1R8R10+R2(2R8R9+3R7R10)))3R4(R9(2R8R9+3R7R10)R22+(−3R6R9R72+3R3R92R7+R1R10(R8R9+3R7R10))R2+R1(2R1R8R102−3R6R7(5R8R9+R7R10)−3R3R9(R8R9+5R7R10))))2(K4)

U5=R52R72+3R1R6R9R7+R42R82+R22R92−3R1R3R92+R12R102−R1R2R9R10+R4(−3R6R72+3R3R9R7+3R2R10R7+2R2R8R9+2R1R8R10)+R5(R4R7R8−2R2R7R9−R1(3R8R9+2R7R10))(K5)

Here, it is necessary to point out the calculation process of the optimum solutions fdopt and ξdopt under parallel TID coupling in Table 4.

Substituting Eqs. (I1), (I2), (20), (J1)–(J10) and (K1)–(K5) into Eq. (26), the calculated result is:

{fd=1.077742289697411−1.766960131585629×10−15iξd=0.11978984818672636−2.6187984688434×10−15i(K6)

In the above Equation, i is the imaginary unit, omit the smallest imaginary part and keep three decimal places, and get the optimum solutions in Table 4.



Appendix L. In Eq. (31), the specific forms of Pn (n = 1,2,3,4) and Qn (n = 1,2,3,4) are:

{P1=4(λs+λ2(λs+1))3βt3P2=4(λs+λ2(λs+1))2βt2P3=4(λs+λ2(λs+1))βtP4=(λs+λ2(λs+1))2βt(L1)

{Q1=β24(λs+1)3+2β23λs(2λs2+3λs+1)(βt+1)+β22λs(3λs(2λs+1)+λ2(3λs+2))(βt+1)2+2β2λs(λ22+3λ2λs+2λs2)(βt+1)3+(λ2+λs)3(βt+1)4Q2=2β23(λs+1)2+β22λs(3λs+2)(βt+2)+2β2λs(2λ2+3λs)(βt+1)−(λ2+λs)2(βt−2)× (βt+1)2Q3=λ2+β22(λs+1)+2β2λs+λsQ4=β23(λs+1)2+β22λs(3λs+2)(βt+1)+β2λs(2λ2+3λs)(βt+1)2+(λ2+λs)2(βt+1)3(L2)



Appendix M. In Eq. (33), the specific forms of Mn (n = 1,2,3,4) and Nn (n = 1,2,3,4) are:

{M1=4λs2(λs+λ2(λs+1))3βt3M2=4λs2(λs+λ2(λs+1))2βt2M3=4λs2(λs+λ2(λs+1))βtM4=λs2(λs+λ2(λs+1))2βt(M1)

{N1=β24(λs+1)5−2β23(λ2(λs+1)−2λs2)(λs+1)3(βt+1)+β22(3(2λs+1)λs3−3λ2(λs+1)λs2+λ22(λs+1)2)(λs+1)(βt+1)2+λs4(λ2+λs)(βt+1)4+2β2λs4(2λs+1)(βt+1)3N2=−2β23(λs+1)4+λs4(βt−2)(βt+1)2+β22(λs+1)2(2λ2(λs+1)−3λs2)(βt+2)−2β2×((3λs+2)λs3−2λ2(λs+1)λs2+λ22(λs+1)2)(βt+1)N3=β22(λs+1)3−2β2(λs+1)(λ2(λs+1)−λs2)+λs3−λ2λs2+λ22(λs+1)N4=β23(λs+1)4+λs4(βt+1)3−β22(λs+1)2(2λ2(λs+1)−3λs2)(βt+1)+β2((3λs+2)λs3−2λ2(λs+1)λs2+λ22(λs+1)2)(βt+1)2(M2)
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Table 3: Normalized displacement correlation coefficients of adjacent buildings under different
damper coupling

Damper types  Structure types Peak Corresponding o S

Wave  Wave  Wave  Wave  Wave  Wave
peak 1 peak2 peak3 peakl peak2 peak 3

Serial TID Left structure 7.007  6.863 1.644  0.880  1.069 1.452  3.907
Right structure  7.365  5.890  2.109 0906 1.080 1.430 4.074
Parallel TID Left structure 6.501 6.668  3.199  0.907 1.086 1453  4.018
Right structure  7.323  5.890  2.188 0926  1.118 1.456  4.108
Classic TMD Left structure 6919  7.647 1.127  0.867 1.059 1.454  4.109
Right structure  7.150  6.431 1.541 0.894  1.072 1428  4.071

Note: In the table, “S” is the area of the graph enclosed by the normalized displacement curve and coordinate axis (i.e., Hy norm), and the
normalized frequency is &« = 0~2.0.
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Table 4: Relevant parameters of damper

Damper types Structure types Optimum solutions

Optimum frequency ratio f;,, Optimum damping ratio &,,,

Serial TID Left structure 0.964 0.111
Right structure 1.006 0.134
Parallel TID Left structure 1.017 0.121
Right structure 1.078 0.120
Classic TMD Left structure 0.938 0.115

Right structure 0.982 0.126
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Table 1: Parameters and their definitions during derivation

Parameters Definition Description

B, By = m,/m, Ratio of right structure mass to left structure mass

B B, = m,/m, Ratio of inerter mass to left structure mass

U, U, = ¢ /¢ Ratio of right structure damping to left structure damping

U, u, = ¢,/c Ratio of TID damping to left structure damping

£ £ = c,/2Vkim, Damping ratio of left structure

&, £ = cy/2/k.my Nominal damping ratio of TID

A A =k [k Ratio of right structure stiffness to left structure stiffness

Ay A=k /ky Ratio of stiffness between adjacent buildings to stiffness of
left structure

Aa A =ka/k, Ratio of stiffness of TID to stiffness of left structure

, w, =k /m, Natural frequency of left structure

wy Wy = ki/my Nominal frequency of TID

1) — External excitation frequency

fu fo = w4/w, Ratio of TID nominal frequency to left structure frequency

o a=w/w Normalized frequency

i — Imaginary unit

X, X, X, — The form of x,, x, and x, after Laplace transformation






OEBPS/Images/CMES_29044-fig-21.png
Parallel TID of Right structure

800
—— Optimum

;Qo f, changes +5%
r\.\\ 15 — - — i f:l changes 5%
SN 600 - . . T —--= &, changes +5%
% &, changes -5%
é - - - - Uncontrolled

jo)

Q

5]

o

.2

3

g 200

N

E

s} r:'—ﬁ

z 0

1 1 1
0.0 0.5 1.0 15 2.0

Normalized frequency a





OEBPS/Images/CMES_29044-fig-13.png
Optimum irequency ratio f{,’om Optimum damping ratio fﬁopn

1.20
1.15 0.22
1.10 0.20
1.05 0.18
1.00 0.16
0.95 0.14
0.12

06 s
(cl) (c2)
Optimum frequency ratio ffyp Optimum damping ratio &Gopr,
0.7
2.00 0.6
1.75 0.5
1.50 06! 0.4
1'25 0.4. : 7 e 0-3
02! 4

1.00 ; 0:2
0.1

02

(darn)





OEBPS/Images/CMES_29044-fig-9.png
Optimum frequency ratio ffoy Optimum damping ratio &

1.3 0.25
12 0.20
0.15
1.1
0.10
1.0 0.05
0
00715 00715
(ch) (c2)
Optimum frequency ratio ff Optimum damping ratio &y
0.4
0.3
0.2

0.1






OEBPS/Images/CMES_29044-fig-8.png
Optimum frequency ratio fion Optimum damping ratio &gop

{:

i S 1.10
| : 7 0.20
1.05
1.00 0.15
0.95 0.10
0.90 0.05
0.85
0
(al) (a2)
Optimum frequency ratio 5,y Optimum damping ratio &g,
1.2 Pt
g R 0.25
11 0.20
0.15
1.0 0.10
0.05
0.9






OEBPS/Images/table-6.png
Table 6: Energy collection under different seismic waves excitation

Seismic wave types Peak (W) Average (W)
Serial TID Parallel TID Serial TID Parallel TID
El Centro 2246.25 2525.56 38.47 44.66
Taft 455.94 542.11 15.15 12.42
Loma Prieta 330.81 373.09 6.45 7.79

Chi-Chi 423.10 488.76 9.23 10.85






OEBPS/Images/CMES_29044-fig-3.png





OEBPS/Images/cmes-logo.png





OEBPS/Images/CMES_29044-fig-18.png
Serial TID of Main structure

Parallel TID of Main structure

125
10.0
75
5.0

25

12.5
10.0
7.5
5.0
25

Serial TID of Substructure

(b)

Parallel TID of Substructure

(d

125
10.0
7.5
5.0
25

15.0
125
10.0
7.5
5.0
25





OEBPS/Images/logo.png





OEBPS/Images/table-2.png
Table 2: Comparison between the estimated values and the calculated values of the optimum solutions

Connection modes  Structure types  Estimated values  Calculated values Error rate (%)
)"dopte gdopte )"dopt sdopt Ak Af
Serial TID Left structure  0.094 0.110 0.093 0.111 1.08 0.90
Right structure 0.102 0.135 0.101 0.134 0.99 0.75
Parallel TID Left structure  0.103 0.125 0.103 0.121 0.00 3.31

Right structure 0.118 0.123 0.116 0.120 1.72 2.50
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Table 5: Peak values and root mean square values of displacement time history under different seismic
waves excitation

Seismic wave Structure Peak (mm) RMS (mm)
types types UC  Serial Parallel TMD UC  Serial Parallel TMD
TID TID TID TID
El Centro LS 922 829 834 896 214 132 133 142
RS 922 806 8.7 849 214 131 132 135
Taft LS 806 421 436 465 158 074 077  0.80
RS 806 394 397 419 158 076 078  0.77
Loma Prieta LS 741 545 558 611 102 067 071 073
RS 741 527 5.19 555 1.02 067 068  0.69
Chi-Chi LS 568 387 408 453 102 080 083 087
RS 568 389  3.94 403 102 079 080 08l

Note: In the table, (1) “LS” means the left structure; (2) “RS” means the right structure; (3) “UC” means the uncontrolled state of adjacent
buildings.
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