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Abstract

:

This paper investigates the performance of tuned mass damper (TMD) and dynamic behavior of TMD-controlled concrete structure considering the ground motion (GM) characteristics based on frequency content. The effectiveness of TMD in reducing the structural response and probability of collapse of the building frames are affected by the frequency characteristics of GMs. To attenuate the seismic vibration of the buildings, the TMD controlled building has been designed based on the modal analysis (modal frequencies and modal mass participation ratio). In this study, to investigate the performance of TMD, four different heights (i.e., 3, 5, 10, 20 stories) inelastic concrete moment-resisting frames equipped with TMDs are developed using an open-source finite element software. A series of numerical analyses have been conducted using sixty earthquakes classified into three categories corresponding to low, medium, and high-frequency characteristics of GMs. To evaluate the proposed strategy, peak lateral displacements, inter-story drift, and the probability of collapse using fragility analysis have been investigated through the structures equipped with and without TMD. The results appraise the effect of TMD and compare the seismic responses of earthquake frequency contents and the vibration control system of the inelastic building frames.






Keywords:


frequency characteristics; ground motion; tuned mass damper; inelastic frame; structural response behavior; vibration control












1. Introduction


The unpredictable natural hazard has a great impact on the structural responses which leads to damage in the concrete frame. Several devices can be efficiently installed in the building structure to mitigate the possible damage. In building structures, inducement of vibration due to earthquake excitation and strong winds is a very common issue. Therefore, complementary vibration control devices are needed to reduce the response of structures owing to different types of loads. A huge amount of vibration controlling devices have been introduced in different studies, such as active mass damper (AMD) [1], semi-active control system [2], damping isolation system [3], etc. which act as active controlling devices; and tuned liquid column damper (TLCD) [4], friction damper [5], tuned mass damper (TMD) [6] which act as passive controlling devices. Apart from these, some other control devices were used in recent years as named by semi-active and hybrid systems. The main strategies of such kind of structural vibration control systems are to exhaust the earthquake and wind-induced input energy, which can decrease the consequences of the intense worsened tremble on the most vulnerable parts of the frame structures.



The TMD is a kind of passive vibration control device that is used widely in many civil and mechanical engineering applications. Besides controlling the dynamic response of structures, it is also popular because of its ease of installation, robustness, and usefulness [7]. Generally, a TMD comprising of a mass, a linear spring, and a damper is included with the structural system, typically installed on the building roof. As the workability of a TMD system is extremely dependent on its parameter, the design is an important issue. When the most dominant response of the structure becomes the first mode, the TMD can work effectively. Five methodologies have been adopted in this study to compare the determined result of the optimum tuning parameters of a TMD. The methodology explained in Krenk and Høgsberg [8] investigated the calibration of the TMD parameters without considering the structural damping, whereas Rüdinger [9] explained the optimal methodology with nonlinear power-law viscous damper excited by white noise. The third methodology explained that the design of the TMD followed the perturbation solutions [10]. According to Den Hartog [11], the design of the TMD follows the perturbation solutions. Moreover, Warburton [12] proposed the optimum frequency and optimal damping ratio of TMD for random vibration. Among these five design criteria, the methodology explained in Rüdinger [9] found very effective value for optimal determination of the TMD parameters. Consequently, using the effective parameters for TMD design, the performance in the building as a passive vibration control device has been carried out for four different RCC frame heights (i.e., 3, 5, 10, 20 stories). To evaluate the response behavior under different frequency characteristics of ground motion (GM), one low-rise (3 stories), two mid-rise (5 and 10 stories), and one high-rise (20 stories) buildings were evaluated with and without TMD.



In the present study, the taken moment-resisting RCC frames are designed considering the wind and earthquake load based on KBC. The finite element analysis software OpenSees and the visualization software FeView helped to model the two-dimensional frames by considering the concentrated plasticity model approach as well. The dynamic structural behavior is carried out considering the nonlinear performance of the beam-column joints, where the zero-length spring elements and the rotational springs at both of the joints end [13,14].



The principal objective of the study is to investigate the performance of TMD controlled RCC building frames subjected to wind and seismic excitation. The fragility analysis for three different frequency contents of the selected GMs will demonstrate the influence of the earthquake frequency content of the TMD performance. To analyze the structural response at different damage levels (slight, moderate, extensive, and severe) [15], the incremental dynamic analysis (IDA) method by Baker [16] has been adopted. At the same time, this study also shows the TMD controlling effect on the peak lateral displacement and inter-story drift ratio as well. Therefore, by adopting this methodology the engineers can identify the TMD-equipped building response in different earthquake levels as well as in different GM frequency contents.




2. Numerical Modeling of the Building Frame


This section texturizes that the buildings are originally designed based on Korean Building Code (KBC) 2016 [17] by space frame with 3 bay (5 m width) in the z-direction, which is perpendicular to the drawing (Figure 1). Then the two-dimensional numerical concrete moment-resisting frame layout as shown in Figure 1 has been taken to analyze the effect of TMD. The frame layout from the three-dimensional building with story numbers of 3, 5, 10, 20 is modeled using OpenSees [18]. During the design, the dead load and the live loads were 4.6 and 2.5 kN/m2, respectively [17,19]. The basic content of the designed wind load and seismic load based on KBC is explained in Table 1.



The concentrated plasticity model approach is used to represent the non-linear behavior of the beam-column element through two end springs (rotational), which are connected by an elastic element. This rotational spring employs a bilinear material model based on the modified Ibarra Krawinkler Deterioration Model [20,21] as shown in Figure 2 obtained from [20].



Here, the zero-length spring elements connect the elastic frame elements to the beam-column joint nodes to assign the inelastic behavior. The location of zero-length elements as joint nodes is represented in Figure 1. As beam-column elements are assumed to be elastic, the effective stiffness is considered to reduce the strength for inelastic behaviors. According to ACI 318-11 [23], the effective stiffness of beam and column is applied by reducing the moment of inertia (   I g   ) of frame as   0.35  I g    and   0.70  I g   , respectively. It also assumed that the structural components are not shear critical, i.e., shear failure is not considered during modeling the frames.



P-Δ is the second-order effect on the structure and represented as geometric nonlinearity effect, which plays an important role in the analysis of the structure, and it is necessary for sufficiently accurate methods to predict the P-Δ effect on the seismic collapse capacity structures under seismic excitations [24]. It states explicitly the nonlinear geometric effect of a large tensile or compressive direct stress upon transverse bending and shear behavior. Based on Malley et al. [25], in local member P-Δ effects are not so important but in the case of global structural response for nonlinear time history analysis P-Δ effects should be incorporated into the structure. This study carries by the global response of the structure with and without TMD, so the P-Δ effect due to gravity load was considered.



In the context of the nonlinear dynamic analysis, Rayleigh damping corresponding to 5% of critical damping    (   ξ c   )    was applied based on the previous studies [26,27,28,29]. Based on Chopra [30], the Rayleigh damping   (  ζ n  )   for the corresponding modal frequencies   (  ω n  )   is mathematically represented by the following Equation (1):


   ξ n  =  1   ω n     (   ξ c     ω i   ω j     ω i  +  ω j     )  +  ω n   (   ξ c   1   ω i  +  ω j     )   



(1)




where    ω i    and    ω j    are the natural frequencies for the ith and jth modes, respectively, and where the 1 and 3 modes are represented in this study as the ith and jth modes, respectively. The Rayleigh damping using Equation (1) for the considered 4 buildings is shown in Figure 3.




3. Modal Analysis and Model Validation


Modal analysis is the basic study to calculate natural frequencies and to establish the dynamic characteristics of structures under seismic excitation. This analysis follows the concept which separates a vibration system into its most dominating modes [31]. The system under seismic excitation consists of such vibrating masses and elements that can withstand the displacement of the masses. At the same time, the elements account for either the elastic or inelastic springs and energy-absorbing or frictional systems [31]. Moreover, this part is very important in the context of the design of the vibration control (active or passive) device like TMD for the structures. Global natural frequency represents the overall stiffness of the structure. The natural frequencies and the stiffness of the structures are inversely proportional to each other. The structural vibration mainly depends on the self frequencies and the excitation frequencies. Some current codes provide guidelines regarding the treatment of live loads for the seismic mass. The seismic mass will consist of a full dead load and 25% of the design live load. For this reason, the total mass is also considered as the summation of self-weight, dead load, and 25% of the live load.



Through modal analysis, the vibration period (T) of the building frames is computed in the elastic range for the 1st mode of each building and listed in Table 2. According to Moniri [28], the modal frequencies in a nonlinear system are continuously changing after entering the inelastic range. It is not possible to provide each step’s natural frequencies after yielding the structures so that only the modes for the elastic range are enlisted in Table 2 and the fundamental mode shapes are shown in Figure 4. The building frame was modeled by OpenSees and post-processing and visualization were carried out by the FeView tool [32].



For the validation of the design fundamental period of the structure, FEA results are compared to the existing building design standards [17,33]. Almost every seismic design standard provides empirical equations to approximately estimate the fundamental period of buildings. According to AIK [17] and ASCE [33], the approximate fundamental period (   T a   ) in s can be determined by Equations (2) and (3), respectively.


   T a  =  C T   h n  3 / 4    



(2)






   T a  =  C t   h n x   



(3)




where    C T  = 0.073  ,    C t  = 0.0466  ,   x = 0.9   for moment-resisting concrete frames and    h n    is the height in m above the base to the highest level of the building. The obtained results (Table 2) from the FEA indicated that the fundamental periods (1st mode) satisfy the required standard from codes.




4. Building Modeling with TMD


The TMD device is well-known as a vibration control device that is installed in a specific zone in a structure, to reduce the amplitude of vibration to an acceptable intensity whenever a heavy seismic excitation or high winds hit the structure. The TMD increases the modal damping for the selected control modes, which helps to reduce the response of the structure under seismic loading excitation.



TMD consists of a mass (   m  T M D   )  , a spring (stiffness,     k  T M D    ), and a damper (damping,    c  T M D    ) that is attached to the building as shown in Figure 5. Considering the TMD is placed at the top of the building frame, the governing equation for the building frame (as primary structure) and the TMD (as a secondary component) can be expressed as Equations (4) and (5), respectively.


   M S   u ¨   ( t )  +  C S   u ˙   ( t )  +  K S  u  ( t )  =  F  g i    ( t )  +  P  f i    ( t )   



(4)






   m  T M D      u ¨    T M D    ( t )  +  c  T M D     u ˙   T M D    ( t )  +  k  T M D    u  T M D    ( t )  = −  m  T M D    (     u ¨    g i    ( t )  +    u ¨    f i    ( t )   )   



(5)




where    M S   ,    C S  ,   and    K S    are the deterministic mass, damping, and stiffness matrices;    u ¨   ,   u ˙  , and  u  are the relative displacement, velocity, and acceleration vectors referred to each degree of freedom of the main structure, respectively;    F  g i   = −  M s  I    u ¨   g    is the force generated by seismic excitation (  I =    (  1 , … , n  )   T   );    P  f i    (  =  k  T M D    u  T M D   +  c  T M D     u ˙   T M D    )    is the force for the TMD on the attached floor of the structure;      u ¨    T M D    ,     u ˙   T M D   ,   and    u  T M D     denotes the displacement, velocity, and acceleration of the TMD;      u ¨    f i     is the acceleration that produces on the TMD attached floor. To consider the P-Δ effect, the nonlinear terms are included in calculating the stiffness matrix (   K S   ) of the main structure. Therefore,    K S    is the sum of elastic stiffness matrix (   K E   ) and geometric stiffness matrix (   K G  )  , e.g.,    K S  =  K E  +  K G   .



For the numerical approach, the effectiveness of TMD is explained in Figure 6. The interactive force (  ∆  P  f i    ) at the initial stateof each time step is assumed to be null. The incremental acceleration of the story (     u ¨    f i    ) is added to incremental acceleration activated on the base (     u ¨    g i    ) to form the total excitement acceleration applied to TMD. The equation of motion for TMD leads to determine the incremental values of acceleration, velocity, and displacements of TMD as shown in Figure 6. To measure the effectiveness of the TMD, the seismic response of the building frames with and without TMD subjected to ground motion with different frequency contents are analyzed and compared to each other.



The important feature of TMD is the tuning of frequencies, that is the frequency of TMD can help to control optimal structures. The frequency ratio (or tuning ratio) between the frequency of the TMD (   ω  T M D    ) and the fundamental frequency (in this study first mode considered as a fundamental mode) of the main can be expressed by Equation (6):


  γ =    ω  T M D      ω  s , I      



(6)







The mass ratio can be defined by Equation (7):


  μ =    m  T M D      Φ  s , I  T   M s   Φ  s , I      



(7)




where    Φ  s , I  T    is the first mode shape of the building, normalized to the top floor, and    ω  s , I     is the fundamental frequency of the building structure which is considered for the first mode of vibration.



The frequency and damping ratio of TMD are defined by Equation (8) and Equation (9), respectively:


   ω  T M D   =      k  T M D      m  T M D        



(8)






   ξ  T M D   =    c  T M D     2  ω  T M D    m  T M D      



(9)







Because of various uncertainties inherent in the properties of both the TMD and the structure, the perfect tuning is very difficult to achieve [34]. The most important parameter of the TMD is the tuning frequency. According to Datta [34], Kaynia, et al. [35], the optimum mitigation in the response of the main structure can be achieved when  γ  is equal or close to unity. However, previous researchers have presented equations for the optimum values of the parameters of the TMD using different criteria or approaches to control effectively the main structural responses. A summary of some of them is provided in Table 3. Most researchers present optimum values of the damping ratio (   ξ  o p t    ) and frequency ratio (   γ  o p t    ) based on a given mass ratio ( μ ).



The most effective optimum values of    γ  o p t     and    ξ  o p t     were then determined by the comparative studies of above mention formulas (Table 3), considering the primary structure as a single degree of freedom (SDF) (mass: 10-ton, modal frequency: 3 Hz). The SDF primary system with and without TMD was excited by sine sweep (frequency range: 0.1 Hz to 20 Hz, amplitude: 9.81 m/s2, analysis time: 10 s, sampling frequency: 512) so that we can get the maximum response, as well as maximum efficiency of TMD. From the responses, it was shown that equations expressed by Rüdinger [9] tuned the structure more than others in both displacement and acceleration responses, as shown in Figure 7.




5. Selection of Ground Motions


This section focuses on the GM selection criteria, as well as the specific GM category that depends on the frequency characteristics. Frequency characteristics of GM correlate with the ratio of peak ground acceleration (PGA) to peak ground velocity (PGV), and account for many seismo-tectonic features and seismic site effects [36]. Three categories of ground motions were selected based on the PGA/PGV according to earlier research [37,38,39].



Low-frequency content (LFC) (PGA/PGV less than 0.8 g/m/s): taken 20 EQs.



Medium-frequency content (MFC) (PGA/PGV between 0.8 and 1.2 g/m/s): taken 20 EQs.



High-frequency content (HFC) (PGA/PGV greater than 1.2 g/m/s): taken 20 EQs.



The randomness of GM was achieved by taking 60 original earthquakes (EQs) datasets from the PEER database [40]. The steps elapse to determine the most vulnerable seismic contribution to the 2% of 50 years shaking (2475 years of returned period) through the site seismic model taken in the Korean peninsula as shown in Figure 8a. Then a set of GM can be selected either from PEER [40] or artificially generated EQs [41]. This study is followed by the GM selection from PEER through analyzing the seismic hazard analysis for the building location. According to Choun et al. [42], the seismic record of Korea is divided into four seismic source models (Model A, Model B, Model C, and Model D). Therefore, the disaggregation plot is illustrated based on the seismic hazard analysis as shown in Figure 8b for each model with the most effective range for magnitude (M) and distance (R). The hazard analysis and the disaggregation curve are performed by PSHRisk-tool [43]. The analysis of Figure 9 shows that the seismic Model B contributes the most to the site; the maximum effective rupture distance is 277 m and the minimum magnitude is 5. A round range of moment magnitude (5.0 to 7.5) and the closest ruptured distance ranges (0 km to 250   km  ) are adopted to select the GMs for reducing the computational efforts as shown in Figure 10a. Figure 10b shows the clear effect of the comparison of input data with different categories of earthquake considering frequency characteristics.




6. Results Analysis and Discussion


The results of the analyses of building frames affected by GMs with low, medium, and high-frequency characteristics are presented here. The response, including inelastic effects, was evaluated. As the TMD parameters from Rüdinger [9] can perform better (Figure 7), for further analysis those parameters were used to get more effective results. Selected GM records were applied to the horizontal direction of the numeric model as the input seismic excitations. The result analysis comprises plotting and comparisons of peak story displacement, inter-story drift ratio (IDR), and fragility curves.



6.1. Peak Story Displacement


The ordering of the peak story displacement of the building performed from all simulations of the categories of GMs, with and without TMD, has been plotted in Figure 11. In Figure 11 the response for the individual data (ID) of responses due to the input GM is indicated by the dotted line and the response for the mean data (MD) is identified by the solid line. To clear the comparison of the peak story displacement between the with and without TMD, the responses for the MD have been taken into consideration. The result analysis showed that the response to the ordering of the peak displacement increases along the building heights and applying the TMD reduces the structural response in all categories of the selected GMs.



The reduction of peak displacement due to TMD installation is not only influenced by the frequency characteristics of GM but also by the story heights. As we analyze the result as shown in Figure 11, the TMD has a great influence on the response for the all-story height for LFC. In contrast with the LFC, if the same is constructed in the HFC zone, there will be no such effect for the TMD installation. However, it seems to be an isolated result from the other GM frequency content zone. It can be textualized after analyzing the behavior of all taken story heights for the MFC zone is that, from low to the mid-rise building (here 3, 5, and 10 stories) the peak displacement reduction is noticeable. In terms of the high-rise building case, this reduction looks very low. The response monitored from Figure 11 leads that in the three and five stories’ buildings, the displacement does not differ in LFC to HFC, but it becomes high with increasing the story height.



However, in 20 stories the structure shows the resonant in the HFC; as a result, the reduction for TMD device becomes ineffective. At the same time, it is concluded that the peak displacement is much more prominent in the LFC zone. The TMD shows a great performance. For all GMs, the nonlinear time history analysis was conducted for the maximum considered earthquake (MCE) level (2475 years return period), which was 0.167 g (Figure 8a).




6.2. Interstory Drift


The inter-story drift ratio is one of the main engineering parameters for a building structure for performance evaluations, which is also a widely used parameter generally defined as the relative displacement between two consecutive floors. To develop the measurement capacity against an earthquake, the seismic analysis can be carried out as the parameter of inter-story drift.



According to FEMA 356 [44], the building performance level is divided into four categories, where the respective standard for maximum inter-story drift ratios limits had been determined. Not only that, but inter-story drift also plays an important role in damage detection parameters [45] in the experiment [46], as well as simulation research. In accordance with simulation, this section shows the inter-story drift ratio for each story height as shown in Figure 12. Each frame was excited with the maximum considered earthquake (MCE) in the South Korean selected region (Gunsan-si) as 0.167 g (Figure 8a) of each 60 earthquakes, whose return period is 2475 years.



This illustration aims to quantify the TMD control in inter-story drift ratio, as well as different frequency content level of GM. As this parameter is a significant index for structural design, it should not go beyond the standard values in the required level. From Figure 12, it is notified that the controlling effect of TMD in the HFC is much smaller because at this zone the inter-story drift ratio is less than other zones without TMD case. Similar to the previous section, the inter-story drift ratio is also mostly dominated by the TMD in the LFC zone in all story height.




6.3. Fragility Analysis


For the engineering structures, the IDA-based fragility analysis can be expressed by the intensity measure (IM) as cumulative absolute velocity (CAV), cumulative absolute displacement (CAD), arias intensity (AI), spectral acceleration (Sa), spectral displacement (Sd), peak ground acceleration (PGA), etc. In this study, the PGA has been used to express the IM in IDA. As IDA is involved in performing a series of dynamic analyses of a structural model under a set of GMs, each GM is scaled up to a range of IM. The EQs were scaled to such a level of force to excite the structure through the IDA method so that the structure experienced an ultimate collapse after showing the elastic to inelastic behavior. The structural response can be presented by the IDA with scaler IMs and damage measure (DM) used as an engineering demand parameter (EDP). The traditional way is for PGA to show the structural response by the simplest feature [47,48]. However, in this study, the PGA has been used to express the IM in IDA and the MGs were scaled to such a level of force that the structure experienced an ultimate collapse after showing the elastic to inelastic behavior. Therefore, the responses can be expressed by IM and at the same time, as well as the damage measure (DM) used as an engineering demand parameter (EDP), where typical choices are the maximum understory drift, the individual peak story drifts, damage index (based on displacement, energy dissipation, etc.), and the peak floor accelerations. From HAZUS, as explained in the previous section, this study considered three levels of inter-story drift ratio as a limit state standard for concrete frame: (1) 1% indicates the intermediate occupancy (IO), (2) 2% indicates the life safety (LS) and (3) 4% indicates the collapse (CP) [44].



The seismically exciting structure is subjected to damage to such an extent as during ground shaking, the seismic analysis can be carried out through fragility analysis. With a lot of computational efforts, the fragility curve shows a relationship between the probability of exceeding taken limits of EDPs and the exceedance of damage [49]. Mathematically the fragility function can be expressed as follows:


  P  (  C | I M  )  = φ  [    l n  (    I M  θ   )   β   ]   



(10)




where at   I M = x  ,  P  denotes the GM probability which motivates the structural collapse,   φ  (   )    is the function of standard normal cumulative distribution,  θ  is the median,  β  is the standard deviation of the IM, and lastly,  C  is the damage state [16]. The fragility parameters followed in this study are the maximum likelihood estimation (MLE) [16,50], where the determination of the parameters can be made by the following:


  L i k e l i h o o d =  (    ∏   i = 1  m    P ( C | I M  )   )     (    1 − P ( C | I  M  m a x    )   )    n − m    



(11)






   {   θ ^  ,  β ^   }  = a   a r g   m a x   θ , β     ∑   i = 1  m   {  l n P  (  C | I M  )   }  +  (  n − m  )  l n  (  1 − P  (  C | I M  )   )   



(12)




where the number of IM intensities are notified by m,   p =   1   (when the case exceeds the limit state (LS)) or   p =   0   (not exceed the LS) and   q =   1 − p  . The fragility curve is exposed from elastic to the collapse level for a set of GM by IDA.



By adopting the MLE, each building frame was excited with 60 GMs to show the seismic failure probability with and without TMD. Table 4 listed the fragility parameters from the MLE for different frequency contents and three different earthquake levels as explained above. Using these parameters, the fragility curves for each story height equipped without and with TMD are illustrated in Figure 13.



The TMD facilities reduce the damage by decreasing the inter-story drift ratio in different amounts according to the frequency content. As we looked at the inter-story drift is notifiable in the LFC zone than the HFC, the failure probability becomes more in the LFC than the HFC zone. This is also focused on Figure 13 for the three and five story building frame. However, as the story height increases, there is a little bit of change that can be feasible. The reduction of the inter-story drift ratio for the TMD equipped structures looks much less in the 20-story height structures, which shows that TMD performance becomes almost ineffective in high-rise buildings. It can also be textualized by the result analysis that it is better to apply the TMD in the LFC and MFC zone of any story building. In addition, the maximum reduction in damage mitigation monitored from Figure 13 is MFC in intermediate occupancy (IO) level. The performance of the frame increases due to the installation of TMD, which is shown in Table 5. From Table 5 it can be concluded that the TMD is more effective in the case of a high-rise building (20 stories) when it is excited by LFC GMs. The capacity increases up to 26% at CP structural performance level considering the mean fragility function. The effectiveness of TMD is similar for each story height due to MFC GMs. HFC GMs are more responsive for mid-rise buildings but in the case of high-rise buildings, the performance of TMD is not so much noticeable.





7. Conclusions


To show the TMD effect on the low, moderate, and high-rise building, this study investigated the seismic performance of 3, 5, 10, and 20-story building frames for three different frequency contents (low, medium, and high) and three different earthquake levels (IO, LS, and CP). The numerical assumption was considered as the concentrated plasticity model approach to represent the nonlinear behavior of the beam-column element through two end springs. The frames are designed according to the Korean Building Code (KBC) 2016 [16] and the two-dimensional frame has been taken to model (OpenSees and FeView) with and without TMD. The analysis was done through the result investigation of the effectiveness of the TMD system in reducing the peak lateral displacement and inter-story drift ratio. The fragility curves corresponding to the failure of each with and without the controlled building frame showed such effectiveness of TMD, which is the function of different categories of GM. From the investigation, the following conclusions can be drawn:




	
TMD installation at any height of the RCC building can reduce peak lateral displacement but not in the same manner. The controlling performance is also influenced by the GM frequency content and this is shown mostly in the LFC zone in all story heights. The idealization has also been made that if the same building is constructed in the HFC zone, the peak displacement reduction will be much less.



	
For low to mid-rise buildings, the peak displacement reduction is noticeable in MFC zone. But, for high-rise buildings, this reduction looks very low.



	
The TMD is more effective in the case of a high-rise building (20 stories) when it is excited by LFC GMs. The capacity increases up to 26% at CP structural performance level considering the mean fragility function.



	
The effectiveness of TMD is similar for each story height due to MFC GMs. However, HFC GMs are more responsive for mid-rise buildings but in the case of high-rise buildings, the performance of TMD is not so noticeable.



	
At 20-story height, the result looked less than the other story height taken in this study. It is also clarified that the specific GM characteristics affect the TMD performance and the reduction is greater in the LFC zone than the HFC zone in all cases as well.
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Figure 1. Structural layout of the building frame (for all frames: bay width = 6 m and story height = 3 m): (a) 3 story; (b) 5 story; (c) 10 story; (d) 20 story. 
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Figure 2. Modified Ibarra Krawinkler moment-rotation relationship for a beam-column joint element. 
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Figure 3. Rayleigh damping ratio with the natural frequency. 
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Figure 4. Fundamental modes shapes: (a) 3 story; (b) 5 story; (c) 10 story; (d) 20 story. 
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Figure 5. Schematic diagram of a tuned mass damper (TMD) attached to the building top. 
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Figure 6. Mathematical technique for the effectiveness of TMD. 
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Figure 7. Comparison of the structural response for measuring the effectiveness of TMD: (a) displacement reduction; (b) acceleration reduction. 
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Figure 8. Seismic hazard evaluation: (a) seismicity maps in the Korean peninsula for 2475 years returned period; (b) seismic hazard curve in the building site (Gunsan-si, South Korea) for four seismic models in South Korea. 
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Figure 9. Disaggregation plot for most contributing earthquake range selection from four seismic source models in Korea: (a) model A; (b) model B; (c) model C; (d) model D. 
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Figure 10. Selected ground motion (GMs): (a) scatter plot; (b) response spectra of input GMs. 
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Figure 11. Story displacement of building frames under different categories of GMs: (a) 3 story (LFC); (b) 3 story (MFC); (c) 3 story (HFC); (d) 5 story (LFC); (e) 5 story (MFC); (f) 5 story (HFC); (g) 10 story (LFC); (h) 10 story (MFC); (i) 10 story (HFC); (j) 20 story (LFC); (k) 20 story (MFC); (l) 10 story (HFC). 






Figure 11. Story displacement of building frames under different categories of GMs: (a) 3 story (LFC); (b) 3 story (MFC); (c) 3 story (HFC); (d) 5 story (LFC); (e) 5 story (MFC); (f) 5 story (HFC); (g) 10 story (LFC); (h) 10 story (MFC); (i) 10 story (HFC); (j) 20 story (LFC); (k) 20 story (MFC); (l) 10 story (HFC).



[image: Buildings 11 00074 g011a][image: Buildings 11 00074 g011b]







[image: Buildings 11 00074 g012 550] 





Figure 12. Story displacement of building frames under different categories of GMs: (a) 3 story; (b) 5 story; (c) 10 story; (d) 20 story. 
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Figure 13. Fragility curves equipped with and without the TMD building frame: (a) 3 story; (b) 5 story; (c) 10 story; (d) 20 story. 
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Table 1. Wind and seismic design load conditions.
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Load Type

	
Content

	
Value

	
Remarks






	
Wind load

	
Design wind speed

	
26.5 m/s

	
Gunsan-si, Korea for 50 years [22]




	
Topographic factor (   K  z t    )

	
1

	
Flat areas are not affected by mountains, hills, and slopes. Classification of importance: 1 [17]




	
Importance factor (   I w   )

	
1




	
Seismic load

	
0.2 s spectral acceleration (   S s   )

	
0.55 g

	
Returned period: 2400 (Earthquake for collapse prevention level)

Site class: SB

[17]




	
1 s spectral acceleration (   S 1   )

	
0.22 g




	
Short-period site coefficient (   F a   )

	
1




	
Long-period site coefficient (   F v   )

	
1
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Table 2. Dynamic characteristics of the building frames.
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Story No.

	
T (s)

1st Mode

	
T (s)

1st Mode




	
AIK [17]

	
ASCE [33]

	
FEA

(This Study)






	
3

	
0.379

	
0.337

	
0.349




	
5

	
0.556

	
0.501

	
0.537




	
10

	
0.936

	
0.995

	
0.964




	
20

	
1.574

	
1.857

	
1.597
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Table 3. Dynamic characteristics of the building frames.
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	Ref.
	    Frequency   Ratio   (  γ  o p t   )    
	    Damping   Ratio ,  (  ξ  o p t   )    





	Krenk and Høgsberg [8]
	    1  1 + μ     
	    1 2     μ  1 + μ       



	Rüdinger [9]
	       2 + μ   2    (  1 + μ  )   2        
	       μ  (  4 + 3 μ  )    4    (  1 + μ  )   3        



	Fujino and Abé [10]
	       1 − 0.5 μ     1 + μ     
	    1 2      μ  (  1 + 3 μ / 4  )     (  1 + μ  )   (  1 + 0.5 μ  )        



	Warburton [12]
	       1 − 0.5 μ     1 + μ     
	       μ  (  1 − μ / 4  )    4  (  1 + μ  )   (  1 − 0.5 μ  )        



	Den Hartog [11]
	    1  1 + μ     
	       3 μ   8    (  1 + μ  )   3        
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Table 4. Dynamic characteristics of the building frames.
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Story

	
GMs Freq. Char.

	
Damage States




	
(woTMD)

	
(wTMD)




	
IO

	
LS

	
CP

	
IO

	
LS

	
CP




	
θ

	
β

	
θ

	
β

	
θ

	
β

	
θ

	
β

	
θ

	
β

	
θ

	
Β






	
3 story

	
Low

	
0.435

	
0.318

	
0.732

	
0.330

	
1.012

	
0.472

	
0.516

	
0.322

	
0.862

	
0.321

	
1.177

	
0.397




	
Medium

	
0.452

	
0.331

	
0.767

	
0.314

	
1.112

	
0.418

	
0.533

	
0.346

	
0.884

	
0.306

	
1.182

	
0.375




	
High

	
0.699

	
0.399

	
0.960

	
0.328

	
1.717

	
0.317

	
0.737

	
0.395

	
1.071

	
0.308

	
1.817

	
0.291




	
5 story

	
Low

	
0.333

	
0.446

	
0.583

	
0.391

	
0.816

	
0.392

	
0.408

	
0.457

	
0.711

	
0.302

	
0.986

	
0.347




	
Medium

	
0.323

	
0.509

	
0.563

	
0.444

	
0.811

	
0.404

	
0.391

	
0.459

	
0.673

	
0.302

	
0.984

	
0.372




	
High

	
0.597

	
0.361

	
0.818

	
0.389

	
1.432

	
0.296

	
0.657

	
0.349

	
0.994

	
0.369

	
1.692

	
0.264




	
10 story

	
Low

	
0.294

	
0.415

	
0.471

	
0.431

	
0.651

	
0.382

	
0.361

	
0.426

	
0.578

	
0.396

	
0.784

	
0.304




	
Medium

	
0.319

	
0.473

	
0.515

	
0.378

	
0.741

	
0.317

	
0.386

	
0.478

	
0.610

	
0.391

	
0.885

	
0.306




	
High

	
0.650

	
0.337

	
0.912

	
0.368

	
1.577

	
0.219

	
0.818

	
0.416

	
1.156

	
0.246

	
1.914

	
0.202




	
20 story

	
Low

	
0.105

	
0.551

	
0.168

	
0.705

	
0.231

	
0.581

	
0.132

	
0.647

	
0.219

	
0.620

	
0.312

	
0.468




	
Medium

	
0.189

	
0.617

	
0.301

	
0.442

	
0.435

	
0.399

	
0.214

	
0.510

	
0.360

	
0.493

	
0.528

	
0.534




	
High

	
0.451

	
0.463

	
0.632

	
0.355

	
1.062

	
0.285

	
0.485

	
0.368

	
0.677

	
0.330

	
1.226

	
0.230
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Table 5. Seismic capacity increases due to TMD at mean fragility function.
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Story

	
GMs Freq. Char.

	
Capacity Raise




	
IO

	
LS

	
CP






	
3 story

	
Low

	
16%

	
15%

	
14%




	
Medium

	
15%

	
13%

	
6%




	
High

	
5%

	
10%

	
6%




	
5 story

	
Low

	
18%

	
18%

	
17%




	
Medium

	
17%

	
16%

	
18%




	
High

	
9%

	
18%

	
15%




	
10 story

	
Low

	
19%

	
19%

	
17%




	
Medium

	
17%

	
16%

	
16%




	
High

	
21%

	
21%

	
18%




	
20 story

	
Low

	
20%

	
23%

	
26%




	
Medium

	
12%

	
16%

	
18%




	
High

	
7%

	
7%

	
13%
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