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Abstract

:

Viscous dampers have proven to be effective in enhancing the seismic performance of existing structures. Despite this, there is still a need for rapid and simplified design methods and formulae for viscous dampers that can take into account the elastic–plastic performance of structures. This study introduces a retrofit design method for existing structures using viscous dampers, based on the concept of uniform damping ratio (UDR), with the aim of fully utilizing each damper. The UDR concept assumes that each damper in the structure provides the same UDR when subjected to seismic excitations of identical intensity. In this method, the first step involves defining the equivalent damping ratio (EDR) of the damper. Then, based on the capacity spectrum of the structure, the response mitigation ratio can be determined, which helps to determine the additional EDR required from the dampers. Once the UDR and additional EDR from the viscous damper have been determined, the parameters of the dampers at each story can be rapidly obtained. To demonstrate the effectiveness of this method, a six-story reinforced concrete frame was utilized as a benchmark structure. A comparison between this UDR-based approach and a traditional design approach was also conducted. The study findings reveal that the UDR concept enables the maximum utilization of energy dissipation capacity of viscous dampers installed in the structure, leading to a more effective and economical design approach.
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1. Introduction


The effective energy dissipation device known as the viscous damper has been extensively utilized in civil engineering because of its efficiency [1,2,3,4,5,6]. Utilizing viscous dampers for retrofitting existing structures has been verified as an efficient technique [7,8,9,10,11,12,13]. To take full advantage of the energy dissipation capacity of viscous dampers, various design methods have been proposed. Gluck et al. [14] used a linear quadratic regulator as a tool in a control optimization method to design the linear viscous damper. This method optimized the parameters, but the location of the viscous damper was not considered. To optimize the location of viscous dampers, a variety of design methods have been proposed by a number of researchers [15,16,17,18,19,20,21,22,23,24,25,26,27]. Additional researchers have augmented the algorithms, optimizing the design procedure for greater efficiency [28,29,30,31]. Optimal algorithms can reach target structural performance, but they are too complex to be applied in practical engineering. Moreover, iterative calculations are unavoidable and can be quite time-consuming, especially in the case of dynamic analysis. There is scope for further optimization of the algorithm in terms of its rate of convergence.



Apart from the design approaches of viscous dampers based on an optimal algorithm, a variety of direct design methods have been proposed. The manual developed by Japan Society and Seismic Isolation (JSSI) [32] gives a classic design approach based on the elastic response reduction curve, in which the parameters of viscous dampers are determined according to the story’s stiffness. However, the nonlinear behavior of the members is not considered, which may overestimate the energy dissipation capacity of the dampers [9]. A design method based on the capacity spectrum method (CSM) was introduced by Kim et al. [33] to obtain the parameters of the viscous dampers that considers the plastic characteristics of the structure. Uetani et al. [34] simplified the structural model and designed the parameters of viscous dampers based on the responses of elastic static analysis. Yet the method could be adjusted for improved feasibility if inelastic responses were taken into consideration. A five-step design approach was proposed by Silvestri et al. [35] to guide engineers through the design of the viscous dampers according to their target performance. The method required a numerical time–history analysis to estimate the responses. Palermo et al. [36] improved this five-step approach by estimating the structural peak velocities more accurately and efficiently. This method aimed to give a preliminary design and to guide engineers who are not familiar with viscous dampers. A direct procedure was presented to determine the required supplemental equivalent damping ratio (EDR) of viscous dampers by Landi et al. [37,38]. This procedure was utilized to explore the influence of the distribution of viscous dampers on the seismic responses of the retrofit structures [39].



To evaluate the effectiveness of viscous dampers, the concept of a damping ratio is proposed. By calculating the damping ratio provided by the viscous dampers, structural engineers can accurately assess the mitigation effect of viscously damped structures [40,41,42]. Although the damping ratio provided by viscous dampers is a crucial parameter, the connection between the damping ratio and the performance target considering the plastic characteristics of the structure has not been addressed in previous design methods, which can make the design process iterative and repetitive, requiring a significant amount of time to reevaluate the seismic performance of viscously damped structures [23,43,44]. Therefore, the retrofit design approach for existing structures that employ viscous dampers must be further developed to address these considerations.



This study presents a simplified design process for retrofitting existing structures with viscous dampers, which is founded on the notion of the uniform damping ratio (UDR). The UDR notion assumes that each damper in the structure has an equivalent damping ratio (EDR) when subjected to an external excitation, thus ensuring that all dampers installed have the necessary energy-dissipation capability. The design procedure for a single viscous damper begins with the definition of its effective damping ratio (EDR). The seismic performance of the original structure is evaluated using the capacity spectrum method (CSM), and an approach to estimate the EDR of the primary structure within the CSM framework is provided. The proposed design method for retrofitting the seismic performance of a structure can be determined by considering the original and target structural seismic performance. An equivalent single degree of freedom (SDOF) system representation is used to estimate the uniform damping ratio (UDR) of the viscous dampers to meet the target structural performance. This method is then employed to calculate the damping forces of the dampers based on the UDR and the required additional response mitigation ratio (RMR). Here, the application of this design procedure is demonstrated using a six-story reinforced concrete (RC) frame structure. The proposed design procedure is then compared to the classic method outlined in the JSSI Manual to assess its effectiveness and performance [32].




2. Uniform Damping Ratio-Oriented Design Method


An optimal design approach for a damped structure utilizing viscous dampers aims to effectively determine the damper parameters to achieve the desired seismic performance of the structure while fully utilizing the energy dissipation capacity of each damper. Typically, the energy dissipation capacity of an installed damper is represented by its EDR [45]. Therefore, the UDR concept is proposed, which preliminarily assumes the EDR of each damper to be uniform under external excitation. Based on the UDR concept, the dampers are expected to fully perform their capacity to dissipate the input seismic energy in this study. The notations employed in this study are defined in Table 1.



2.1. Basic Concept of EDR for Single Viscous Damper


A viscous damper is a kind of hydraulic device that takes advantage of the viscosity of a fluid to dissipate the input energy. The ideal viscous fluid is able to dissipate energy and cannot store energy at all, which does not exist in reality. For general dampers, silicon oil is typically selected as the viscous material. However, silicon oil has great compressibility, which leads to the dynamic stiffness of dampers under vibration processes. The dynamic stiffness depends on the type of silicon oil, the frequency of excitation, and the size of the valve. For products produced by different manufacturers, stiffness varies. According to an experimental study, dynamic stiffness is related to the damping coefficient of the damper as follows [32]:


   K d  = β  C d   



(1)




where    K d    represents the dynamic stiffness,  β  represents the dynamic stiffness coefficient, and    C d    represents the damping coefficient.



As the dampers can both store and dissipate energy under vibration processes, the Maxwell model can be used [46]. The Maxwell model consists of a spring element and a damping element, which are depicted in Figure 1. The restoring force of the Maxwell model is shown in Equation (2):


   F d  =  K d   d K  =  C d    d ˙  c α   



(2)




where  α  is the damping exponent of the viscous damper,    F d    is the output force of the Maxwell model,    d K    is the relative deformation of the spring element, and     d ˙  c     is the relative velocity of the damping element.



The total deformation of the Maxwell model,  d , comprises the deformation of the spring element and the damping element:


  d =  d K  +  d c   



(3)




where  d  is the total deformation of the Maxwell model and    d c    is the deformation of the damping element.



Therefore, the EDR of a single damper can be defined according to the concept of EDR in structural dynamics [47]. The most common method for defining the EDR is to make the energy dissipated by the damper in a vibration cycle equal to an equivalent viscous system, which is given by the following equation [45]:


   ζ d  =  1  4 π      E d     E  S d      



(4)




where    ζ d    represents the EDR of the viscous damper,    E d    is the energy dissipated by the damper in one cycle, and    E  S d     is the maximum strain energy of the damper structure in one cycle.



For most kinds of viscous dampers used for resisting seismic excitation, the damping exponent is commonly in the range of 0.1~0.4. Figure 2 shows a typical hysteresis curve of a nonlinear viscous damper with a damping exponent of 0.2. For practical engineering, it would be complicated to calculate the dissipated and restored energy of the viscous damper. To simplify the calculation, a simplified parallelogram encompassing the hysteresis curve of the damper is introduced, which is represented by the dashed line in Figure 2. The energy dissipation capacity of the viscous damper can be approximately obtained by the area of the simplified parallelogram.



To determine if the approximation of the calculation of energy dissipation is acceptable, the area error between the ideal hysteresis curve and the simplified parallelogram is explored. First, without considering the dynamic stiffness of the damper, namely    K d  = ∞   and   d =  d c   , the hysteresis curve is plotted, as shown in Figure 3. The area of the hysteresis curve can be calculated as follows [48]:


   E d  =  2  2 + α    C d   ω α   d  c , max   1 + α     Γ   1 + α / 2     Γ   2 + α      



(5)




where  ω  is the natural circular frequency of the system with dampers,    d  c , max     is the maximum deformation of the damping element in one cycle, and  Γ  is the gamma function. Without considering the dynamic stiffness of damper    K d   , the simplified parallelogram becomes rectangular, which is also shown in Figure 3. The area of the parallelogram can be obtained as:


   E  d , p a r e l   = 4  F  d , max    d  max   = 4  C d   ω α   d  c , max   1 + α    



(6)




where    E  d , p a r a l     is the area of the simplified parallelogram,    F  d , max     is the maximum force of the Maxwell model in one cycle, and    d  max     is the maximum deformation of the Maxwell model in one cycle. The ratio of    E d    to    E  d , p a r a l     is:


  φ =    E  d , p a r a l      E d     



(7)




where  φ  is the reduction coefficient of the parallelogram.



It is obvious that the error is only related to the damping exponent  α  of the viscous damper. Figure 4 shows that the ratio varies with  α  in the range of 0 to 1. The fitting expression of the reduction coefficient of the parallelogram  φ  is given as follows:


  φ ≈ 0.064  α 2  − 0.28 α + 1  



(8)




Through  φ , the energy dissipation of the damper can be estimated, which is shown as:


   E d  ≈ φ ⋅  E  d , p a r e l    



(9)







Next, when the dynamic stiffness    K d    is considered,  d  no longer equals    d c   . The calculation of    E d    is same as Equation (5), but    d  c max     in Equation (5) is difficult to obtain.    E  d , p a r a l     can be approximately obtained by:


   E d  = φ ⋅  E  d , p a r e l   = 4 ⋅ φ ⋅  F  d , max    d 0   



(10)




where    d 0    is the deformation of the Maxwell model at zero force, which equals the maximum deformation of the damping element, namely    d 0  =  d  c , max    . In general, obtaining    d  c , max     is complicated; however, we can obtain the maximum deformation of the Maxwell model    d  max     easily through analysis. In this light, the relation between    d 0    and    d  max     can be explored. This relationship depends on the damping exponent  α , the dynamic stiffness    K d   , the circular frequency  ω  of the structure, and the maximum deformation of the Maxwell model    d  max    . The first three parameters are decided by the type of viscous damper and the structural characteristics. Therefore,  κ  varies with    d  max    . The JSSI Manual provides a fitting expression with high accuracy [32]. Before the expression is given, the pseudo loss of stiffness of the viscous damper is defined:


   K d ″  p  =    C d   ω α     d  max   1 − α      



(11)




where    K d ″  p    represents the loss of the stiffness of the viscous damper.



The ratio of the loss of stiffness to the dynamic stiffness is:


     K d ″  p     K d    =    C d   ω α    β  C d   d  max   1 − α     =    ω α    β  d  max   1 − α      



(12)




and the ratio of    d  c , max     to    d  max     is given as follows [32]:


  κ =    d  c , max      d  max     =   1 +    α  0.65   − 1      K d ″  p  /  K d          1 +      K d ″  p  /  K d     2      0.5 α      



(13)




where  κ  represents the ratio of    d  c , max     to    d  max    . The applicable condition of Equation (13) is    K d ″  p  /  K d  ≤ 5  , which can fully cover the common range of the parameters of the viscous dampers in practical design. Therefore, Equation (10) can be written as:


   E d  = 4 φ  F  d , max    d 0  ≈ 4 φ  F  d , max   ⋅ κ  d  max    



(14)







The strain energy of the viscous damper can be calculated as half of the product of the maximum damping force    F  d , max     and the maximum deformation    d  max     in one cycle. Consistent with the definition of Equation (4), the EDR of viscous damper    ζ d    can be approximately calculated as follows:


   ζ d  ≈   4 φ  F  d , max   κ  d  max     4 π ⋅  1 2   F  d , max    d  max     = 2 φ κ / π  



(15)







It can be found that    ζ d    can be determined by  φ  and  κ . As  κ  varies with    d  max     and  φ  is decided by the given  α ,    ζ d    is the function of    d  max    . Therefore,    d  max     can reflect the energy dissipation capacity of the viscous damper, and the dampers will be more effective when configured at locations with large story drift. In addition, the limit of story drifts of the damped structure is determined according to the target structural performance. Hence, as the structural performance is determined, the UDR of dampers can be estimated, which will be discussed in a later section.




2.2. Basic Concept of Equivalent Damping Ratio for Viscously Damped Structure


Pushover analysis is a common method to evaluate structural seismic performance. According to performance-based seismic design, several pushover methods have been proposed [49,50]. In this study, the CSM was adopted.



As a kind of nonlinear analysis method, the nonlinear behaviors of the structural members should be taken into consideration. When the earthquake drives the structure into an inelastic range, the additional structural damping, which is mainly evoked by the hysteretic effect of the structure members, will be generated. The structural hysteretic damping can also be evaluated by structural EDR, which is a function of the structural ductility factor    μ s    [51]:


   ζ s  =  ζ 0  + 0.2   1 −  1     μ s         



(16)




where    ζ s    is the damping ratio of the primary structure and    ζ 0    is the inherent damping ratio of the structure.



When it affects the energy dissipation structure, the damping induced by the dampers should also be considered. The EDR of the damped structure  ζ  can be written as:


  ζ =  ζ 0  + 0.2   1 −  1     μ s        +  ζ a   



(17)




where    ζ a    is the additional EDR induced by the dampers.



In the CSM, a spectral reduction factor   S R   is utilized to decrease the elastic spectrum to a reduced response spectrum. The performance point is the intersection point of the reduced response spectrum and the structural capacity spectrum. As the EDR of the damped structure is obtained, the reduction factor   S R   is given by [50]:


  S R =           S  R A  =   3.21 − 0.68 ln ( 100 ζ )   2.12       T <  T g                S  R V  =   2.31 − 0.41 ln ( 100 ζ )   1.65       T ≥  T g             



(18)




where   S  R A    is the spectral reduction value in a constant acceleration range of the spectrum and   S  R V    is spectral reduction value in a constant velocity range of spectrum. The reduced response spectrum is illustrated in Figure 5;  T  is the natural period of the primary structure and    T g    is the characteristic period of the site soil.




2.3. Target Response Mitigation Ratio (RMR)


Since the performance point can be obtained through CSM, the inter-story drift,    θ i   , hereafter referred as drift, can be obtained at this point. Based on the concept of performance-based seismic design, the limits of the drift   [ θ ]   are assigned according to different performance levels.



For the structures with additional dampers, the primary structure is supposed to be elastic under frequent earthquakes and exempt from collapse under rare earthquakes. A proper limit for the drift in the design stage should be chosen with respect to the design requirements. The target RMR  λ  can be determined based on the drift limit    θ   , which is shown as follows:


  λ =   [ θ ]   max (  θ i  )    



(19)







The story drifts at the performance point can also be utilized to determine the location of dampers. For all kinds of dampers, it is more effective to install them on stories with large drifts, because that indicates that the story is relatively weak and needs strengthening. Furthermore, minimum deformation is necessary for a viscous damper to dissipate input energy, and with a larger deformation, the dampers can dissipate more input energy. The stories that satisfy the condition of Equation (20) are appropriate for the installation of dampers:


     θ i    θ ¯   ≥  λ d   



(20)




where   θ ¯   denotes the average of story drifts and    λ d    denotes the limit value of the ratio of story drift to average drift. The value of    λ d    should be set with consideration of the required story drift, the performance of the dampers, etc.




2.4. Determination of UDR


As discussed in Section 2.1,    ζ d    depends on    d  max    . By obtaining the average    d  max     for the installed dampers, the UDR of the dampers can be realized, which suggests that all dampers can offer uniform viscous damping under seismic excitations. Given that the required structural performance has been determined, the average    d  max     should be calculated according to limit value of the drift    θ   .



The equivalent SDOF system of the structure is adopted. The diagram of the SDOF system with a viscous damper is depicted in Figure 6, in which the damper is represented by a Maxwell model. The equivalent story height of the SDOF system can be calculated by Equation (21):


   H e  =   ∑  i = 1  N        m i  ⋅  H i 2     /    ∑  i = 1  N      m i  ⋅  H i           



(21)




where    H e    denotes the equivalent story height of the SDOF system, which is the mass-weighted average of story height,    m i    denotes the mass at level i,    H i    denotes the height between level i and level i-1, and  N  is the total number of stories.



The displacement can be obtained according to the limit of the drift    θ    by Equation (22):


   u  max   =  θ  ⋅  H e   



(22)




In the SDOF system, the maximum deformation of the damper equals the displacement of the system, namely    d  max   =  u  max    .  κ  of the viscous damper can be determined on the basis of the limit value of drift    θ   , the natural circular frequency of the structure  ω , the dynamic stiffness coefficient  β , and the damping exponent of the damper  α . Then the uniform EDR of dampers    ζ d   , namely the UDR, can be determined through Equation (15).




2.5. Distribution of Damping Force


Given that  λ  has been determined, the target spectral displacement    S  d t     can be acquired from Equation (23):


  λ =    S  d t      S  d p     =    S  a t      S  a p     =   S R    ζ t    ⋅  S  a 0      S  a p      



(23)




where    S  d p     is the spectral displacement at the performance point,    S  a t     is the target spectral acceleration,    S  a p     is the spectral acceleration at the performance point, and    ζ t    is the EDR of the damped structure at the target spectral displacement.



Equation (23) implies that the equivalent period    T  e q     of the structure stays the same after the installation of viscous dampers, and the target spectral displacement    S  d t     is shown in Figure 5. The equivalent period    T  e q     can be obtained by:


   T  e q   = 2 π      S  d p      S  a p        



(24)




Then the target additional EDR offered by dampers    ζ  a t     can be derived by:


  S R    ζ t    = S R    ζ 0  + 0.2   1 −  1     μ  s t         +  ζ  a t     =   λ  S  a p      S  a 0      T  e q        



(25)




where    μ  s t     is the structural ductility factor at target spectral displacement.



According to the definition of EDR, the additional EDR induced by dampers    ζ  a t     can be calculated through Equation (26):


   ζ  a t   =     ∑  i = 1  N    W  d i       4 π   ∑  i = 1  N      W  s i   +  W  s d i          



(26)




where    W  d i     is the energy consumed by the viscous dampers at level i,    W  s i     is the maximum strain energy of structure at level i, and    W  s d i     is the maximum strain energy of dampers at level i.



By rational design and bracing of the viscous damper, the deformation of viscous damper    d i    at level i in the horizontal direction can be approximately equal to the inter-story displacement of the structure between level i and level i-1:


   d i  ≈  Δ i   



(27)




where    Δ i    is the inter-story displacement between level i and level i-1.



As the purpose of adding a viscous damper is to improve the original structural performance, and the structural performance is reflected by story drifts, the allocation of viscous dampers should be optimized with the story drifts. Based on this principle, the design damping forces of viscous dampers on the stories with large drifts can be increased, while the damping forces of viscous dampers on the stories with small drifts can be decreased. The damping force of a viscous damper at level i,    F  d i    , is expressed as:


   F  d i   =  f d     θ i      ∑  i = 1  N      θ i   N      =  f d     θ i    θ ¯    



(28)




where    f d    is the damping force factor of the viscous dampers.



Equation (29) can be obtained by substituting Equations (27) and (28) into Equation (26):


   ζ  a t   =     ∑  i = 1  N    W  d i       4 π   ∑  i = 1  N      W  s i   +  W  s d i         =   4 π  ζ d    ∑  i = 1  N    1 2   F  d i    d i      4 π   ∑  i = 1  N      1 2   q i   Δ i  +  1 2   F  d i    d i        =    f d   ζ d    ∑  i = 1  N      Δ i   θ i  /  θ ¯          ∑  i = 1  N      q i   Δ i  +  f d   Δ i   θ i  /  θ ¯         



(29)




where    q i    is the story shear at level i. Transforming Equation (29),    f d    can be solved by:


   f d  =    ζ  a t     ∑  i = 1  N    q i   Δ i         ζ d  −  ζ  a t       ∑  i = 1  N      Δ i   θ i  /  θ ¯         



(30)




As the damping force factor    f d    is known, the damping force    F  d i     of the viscous damper on each story can be obtained through Equation (28). According to    F  d i    , the damping coefficient    C  d i     and damping exponent  α  of dampers can be determined.





3. Uniform Damping Ratio-Oriented Design Procedure


The design flow chart is depicted in Figure 7. The detailed design procedure based on the UDR concept is shown as follows:



According to the design demand, the parameters of the seismic response spectrum can be determined. By the adoption of CSM, in which the nonlinear behavior of members is considered, the original structural performance can be evaluated.



Corresponding to the performance point obtained by means of CSM, the structural seismic responses can be retrieved, i.e., story drift    θ i   , story shear    q i   , and inter-story displacement    Δ i   . Then, the RMR  λ  can be calculated according to the target and original structural performance. Considering the utilization efficiency of energy dissipation of viscous dampers, the stories for damper installation can be determined by a reasonable    λ d   . Therefore, based on the calculated  λ , the additional EDR    ζ  a t     induced by the viscous damper is established.



The UDR of the viscous damper is determined according to the required seismic performance level. The key parameter, uniform EDR    ζ d    of the viscous damper, namely UDR, can be estimated by the limit value of drift    θ   , the natural circular frequency of the system  ω , the dynamic stiffness coefficient  β , and the damping exponent of the damper  α . As UDR    ζ d   , structural responses, and supplemental EDR    ζ  a t     are known, the damping force factor    f d    can be solved through Equation (29). After that, the damping force    F  d i     at each story is calculated through Equation (28).



The proper viscous damper is selected in accordance with the damping force    F  d i     at each story. The damping coefficient    C  d i     and damping exponent  α  of dampers can be determined. The viscous dampers should be installed at the locations in which the dampers can be fully utilized and prevent torsion effects.




4. Illustration Design and Discussions


4.1. Model Illustration


A benchmark six-story RC frame model was adopted to illustrate the design procedure based on the UDR concept. The plan and elevation of the facility are shown in Figure 8. The characteristic period of the site was 0.4 s. According to the Chinese Code of Seismic Design [52], the normalized demand seismic response spectrum is as follows:


   S a  =       12.5 T + 1     0 ≤ T < 0.1   s       2.25     0.1   s ≤ T < 0.4   s       2.25 ×       0.4  T      0.9       0.4   s ≤ T < 2   s       2.25 ×     0.2   0.9   − 0.02 × ( T − 2.0 )       2   s ≤ T        



(31)







The story height and mass are shown in Table 2. The cross sections of the members are listed in Table 3. The members are made of concrete with a compression strength of 30 MPa according to the Code for Design of Concrete Structures [52]. The strength of the longitudinal and stirrup rebars was 345 MPa. The model of the structure was established using the software SAP2000 [53]. The beams and columns were modeled as elastic bars with two inelastic hinges at both ends. The moment hinge was applied for the beams, while the P-M-M hinge was applied for the columns. The moment–rotation relationship was obtained with the sTakeda model [54]. The thin shell element was utilized to simulate the floors and roof, and the assumption of rigid diaphragms for the floors was adopted. The distribution loads were exerted on the floors. The dead load was   5.5      kN / m   2    for every story. The live load was   3.0      kN / m   2    for stories 1–5 and   5.0      kN / m   2    for story 6. The self-weights of the floors were included in the dead load. The story mass was calculated by   ( 1.0 ×  Dead   load  + 0.5 ×  Live   load )  / g  . The inherent damping ratio of the structure was 0.05 and the natural period of the structure was 1.266 s.



The stiffness of the structure in the Y direction was weak, so viscous dampers were required to be installed in this direction. For simplicity, only the seismic responses in the Y direction were analyzed.




4.2. Detailed Design Procedure


The pushover analysis was carried out on the primary structure and the force–displacement curve of the structure was recorded. After that, the force–displacement curve and the design response spectrum were transferred to an acceleration–displacement response spectrum.



The limit values of story drifts    θ    under the frequent, moderate, and rare earthquake scenarios adopted in this example are listed in Table 4. The performance point of the structure was obtained by CSM under a moderate seismic level. The responses of each story at the performance point were retrieved, which are plotted in Figure 9 and listed in Table 5. The limit value of story drifts    θ    was set to 0.33% and the value of RMR  λ  was 65.1%. In this case, the value of    λ d    was set to 0.5, which indicated that all stories required the installation of viscous dampers.



According to  λ , the target point      S  d t   ,  S  a t       of the structure was determined. The equivalent period    T  e q     at the target point was 1.5 s. Table 6 lists all the calculation parameters that are needed for Equation (25).



Next, the deformation coefficient of the dampers was calculated. By means of modal analysis, the natural circular frequency of the structure was found to be   4.96    rad / s   . In this project, the damping exponent  α  and the dynamic stiffness coefficient  β  of the dampers were set to be 0.2 and   1   (   mm   0.8    s  0.2   )  , respectively. Because the limit value of drift    θ   , the natural circular frequency  ω  of the structure, the damping exponent  α  and the dynamic stiffness coefficient    K d    were known,  κ  could be determined through (13), which was 0.884. Therefore, the UDR of viscous damper    ζ d    was 0.53.



The damping force factor    f d    was derived by substituting    ζ  a t     and story responses    q i    and    θ i    into Equation (29). As a result,    f d    was determined to be 1135 kN. Therefore, the damping force of the dampers at each story was determined. The damping coefficient    C  d i     of the viscous damper at each story an be calculated according to Equation (32):


   F  d i   =  C  d i          v i     α   



(32)




where    v i    is the relative velocity at level i. The velocity at each story was taken to be 100 mm/s based on engineering experience. Table 7 shows the design parameters of the viscous damper.



On each story, two viscous dampers were added along axis X3 and X9, respectively. The diagram of configurations along X3 is depicted in Figure 10. viscous dampers 1~6 represent the viscous dampers installed on the corresponding stories.




4.3. Seismic Performance Verification


A nonlinear time history analysis was carried out to validate the mitigation effect on the seismic response of the structure with the viscous dampers designed by the proposed method. The response of the damped structure (ST1) was compared with those of the structure without dampers (ST0). According to Chinese code [52], the site characteristic period for the soil is 0.4 s, and the acceleration response spectrum of the input seismic wave can be determined accordingly. Based on the spectrum, seven earthquake waves were selected, five of which were natural seismic records. These natural seismic records were selected from the Pacific Earthquake Engineering Research Center ground motion database [55]. The spectra of the selected waves were matched with the design acceleration spectrum. Detailed information of the natural seismic records is described in Table 8. The normalized spectra of all the waves are shown in Figure 11, in which AW1 and AW2 represent the two artificial records. Peak ground acceleration (PGA) was 0.7 m/s2, 2 m/s2, and 4 m/s2 corresponding to the frequent, moderate, and rare earthquake scenarios, respectively, according to the specifications in Chinese code [52].



The story drifts of ST1 and ST0 were compared to illustrate the mitigation effects of the designed viscous dampers. Figure 12 and Figure 13 show a comparison of average story drifts and shears under frequent, moderate, and rare earthquakes. The story drifts were controlled within the limit values and the shears were simultaneously reduced.



Viscous dampers can dissipate great input energy under different earthquake scenarios. The hysteresis curves of viscous dampers installed on the first, third, and fifth stories under AW1 for PGA = 200 gal are displayed in Figure 14, which indicates that the capacity of energy dissipation of the dampers was fully utilized. It should be noted that in practical design, the parameters of viscous dampers need not be strictly identical to the design values. Generally, for the purpose of convenience and efficiency, different viscous dampers with similar parameters are merged into one type.



Table 9 shows the average EDR of dampers    ζ d    of ST1 under different seismic excitations. Because the story drift is well controlled within the limit value of story drift    θ   , the average value of    ζ d    under the earthquakes with PGA = 200 gal is close to and slightly less than the anticipated UDR 0.53. In addition, it can be observed that    ζ d    under different earthquakes with the same PGA are close to each other, which verifies the rationality of the UDR concept in a different way.




4.4. Comparison with Classic Design Method and Discussion


To illustrate the advantages of the design method based on the UDR concept, it was compared to the classic method in the JSSI Manual [32]. The JSSI method adopts the elastic response spectrum, and the parameters of viscous dampers are determined according to lateral stiffness at each story.



The limit values of story drifts under different seismic levels for the JSSI design method were set to be the same as those for the UDR design method. The expected damping force and the damping coefficient of the viscous damper at each story obtained by the JSSI method are shown in Table 10.



The seismic responses of the structure designed by the JSSI method under the same earthquake waves were compared with those of the structure designed by the UDR method. Figure 15 represents a comparison of story drifts under frequent, moderate, and rare earthquakes, respectively. From Figure 15, it can be observed that the seismic responses of the two damped structures designed by the two different methods are similar.



Figure 16 shows the comparison of hysteresis curves of viscous dampers installed on the first story of the two damped structures under AW1 with PGA = 200 gal and NW3 with PGA = 400 gal. By reducing the damping force of the viscous dampers installed on the first story, the dampers of the structure designed by the UDR method obtain larger deformation, and the energy dissipation capacity of these dampers is more efficiently utilized. Moreover, the redundant damping forces of the dampers in the damped structure designed by the JSSI method can increase the forces in the members of the primary structure and lower the utilization efficiency of the energy dissipation capacity of the dampers.



The damping coefficient    C  d i     relates to the maximum damping force of the dampers, and the comparison of    C  d i     designed by the two methods is listed in Table 11. The sum of values of    C  d i     designed by the UDR method is 22% less than that of    C  d i     designed by the JSSI method, which indicates that the design based on the UDR concept is more economical and practical. The comparison further verifies the effectiveness, rationality, and economy of the design method based on the UDR concept.





5. Conclusions


This study introduced the UDR concept into the design of viscous dampers and formulated a UDR-oriented retrofitting design with rapid and simplified design formulae for viscous dampers that can consider the elastic–plastic performance of structures. The proposed design approach is constructed by deriving the detailed expressions of the EDR for viscous damper    ζ d    and damped structure  ζ , the determination of  λ , the UDR of viscous dampers, and the calculation of    F  d i    . To demonstrate this method, a benchmark six-story RC frame structure was used, and the results of this study can be summarized as follows:




	
The design method based on the UDR concept ensures the effective utilization of the energy dissipation capacity of the dampers, as the UDR of the dampers was judiciously determined according to the desired performance goals.



	
The effectiveness, cost-effectiveness, and practicality of the configuration of viscous dampers based on the UDR design method was confirmed through a comparative study with the JSSI method.



	
When calculating the energy dissipation of viscous dampers, the simplified parallelogram method is not only a reliable approximation in engineering practice but also convenient for calculations.
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Figure 1. Maxwell model. 
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Figure 2. A typical hysteresis curve of a nonlinear viscous damper. 
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Figure 3. Hysteresis curve of the viscous damper without dynamic stiffness. 
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Figure 4. Difference between  φ  and Equation (8). 
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Figure 5. Illustration of performance point and the target point. 
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Figure 6. Equivalent SDOF system of the structure. 
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Figure 7. Design flow chart based on the UDR concept. 
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Figure 8. Plan and elevation of the RC frame: (a) plan; (b) elevation of frame in axis X3. 
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Figure 9.    θ i  −  q i    curve for each story. 
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Figure 10. Diagram of the viscous damper configuration in axis X3. 
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Figure 11. Normalized spectra of seismic waves. 
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Figure 12. Average story drifts of ST0 and ST1: (a) drifts under frequent earthquakes; (b) drifts under moderate earthquakes; (c) drifts under rare earthquake. 
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Figure 13. Average story shears of ST0 and ST1: (a) Shears under frequently earthquake; (b) Shears under moderate earthquake; (c) Shears under rarely earthquake. 
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Figure 14. Hysteresis of viscous damper under AW1 for PGA = 200 gal: (a) first story; (b) third story; (c) fifth story. 






Figure 14. Hysteresis of viscous damper under AW1 for PGA = 200 gal: (a) first story; (b) third story; (c) fifth story.



[image: Buildings 13 01812 g014]







[image: Buildings 13 01812 g015 550] 





Figure 15. Comparison of story drifts: (a) drifts under frequent earthquakes; (b) drifts under moderate earthquakes; (c) drifts under rare earthquakes. 
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Figure 16. Comparison of hysteresis curves of viscous damper: (a) hysteresis curves under AW1 with PGA = 200 gal; (b) hysteresis curves under NW3 with PGA = 400 gal. 
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Table 1. Notations.
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	Notation
	Definition





	  α  
	Damping exponent of viscous damper



	  β  
	Dynamic stiffness coefficient of viscous damper



	    C d    
	Damping coefficient of viscous damper



	    C  d i     
	Damping coefficient of viscous damper at level i



	  d  
	Deformation of Maxwell model



	    d 0    
	Deformation of Maxwell model at zero force



	    d c    
	Deformation of the damping element in the Maxwell model



	     d ˙  c    
	Velocity of the damping element in the Maxwell model



	    d  c , max     
	Maximum deformation of the damping element in the Maxwell model



	    d i    
	Deformation of viscous damper at level i



	    d K    
	Deformation of the spring element in the Maxwell model



	    d  max     
	Maximum deformation of Maxwell model



	    Δ i    
	Inter-story displacement between level i and level i-1



	    E d    
	Energy dissipated by viscous damper in one cycle



	    E  d , p a r a l     
	Equivalent area of the hysteretic loop of viscous damper



	    E  s d     
	Maximum strain energy of viscous damper in one cycle



	  φ  
	Reduction coefficient of the simplified parallelogram to the actual area of viscous damper



	    F d    
	Force in the Maxwell model



	    F  d i     
	Total damping force at level i



	    F  d , max     
	Maximum force in the Maxwell model in one cycle



	    f d    
	Damping force factor



	    H e    
	Equivalent story height of the equivalent SDOF system



	    H i    
	Height of level i



	  κ  
	Ratio of the maximum deformation of Maxwell model    d  max     to the maximum deformation of the damping element    d  c , max    



	    K d    
	Dynamic stiffness of viscous damper



	    K d ″    
	Loss stiffness of viscous damper



	  λ  
	Response mitigation ratio



	    λ d    
	Limit ratio of the inter-story drift to the average inter-story drift



	    m i    
	Mass of level i



	    μ d    
	Deformation coefficient of viscous damper



	    μ s    
	Structural ductility factor



	    μ  s t     
	Structural ductility factor at target spectral displacement



	  N  
	Total level of the structure



	    q i    
	Story shear at level i



	    θ    
	Limit of inter-story drift



	   θ ¯   
	Average inter-story drift at the performance point



	    θ i    
	Inter-story drift of level i at the performance point



	    S a    
	Spectral acceleration



	    S  a p     
	Spectral acceleration at the performance point



	    S d    
	Spectral displacement



	    S  d p     
	Spectral displacement at the performance point



	    S  d t     
	Target spectral displacement



	   S R   
	Spectral reduction factor



	   S  R A    
	Spectral reduction value in constant acceleration range of spectrum



	   S  R V    
	Spectral reduction value in constant velocity range of spectrum



	  T  
	Natural period of the primary structure



	    T g    
	Characteristic period of site soil



	    u  max     
	Maximum displacement of the equivalent SDOF system



	    v i    
	Velocity at level i



	  ω  
	Natural circular frequency of the system with dampers



	    W  d i     
	Energy dissipated by viscous damper at level i



	    W  s i     
	Strain energy at level i



	    W  s d i     
	Strain energy of viscous damper at level i



	  ζ  
	EDR of damped structure



	    ζ 0    
	Inherent damping ratio of the structure



	    ζ a    
	Additional EDR induced by additional dampers



	    ζ  a t     
	Required additional EDR induced by additional dampers



	    ζ d    
	EDR of viscous damper



	    ζ s    
	EDR of primary structure



	    ζ t    
	EDR of damped structure at the target spectral displacement
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Table 2. Story height and mass.
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	Story
	Height (m)
	Mass (ton)





	1
	4.6
	604



	2
	4.2
	595



	3
	3.6
	561



	4
	3.6
	561



	5
	3.6
	543



	6
	4.2
	602
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Table 3. Cross section of members.
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	Story
	1–2
	3–4
	5–6





	Beam
	    350   mm  ×  600   mm    
	    350   mm  ×  600   mm    
	    350   mm  ×  600   mm    



	Column
	    700   mm  ×  700   mm    
	    600   mm  ×  600   mm    
	    500   mm  ×  500   mm    
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Table 4. Limit value of story drifts under different seismic levels.
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	Seismic Levels
	     θ     





	Frequent earthquake
	0.125%



	Moderate earthquake
	0.33%



	Rare earthquake
	0.67%
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Table 5. Structural responses at performance point.
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	Story
	Height (m)
	Shear

qi (kN)
	Inter-Story Displacement

di (mm)
	Story Drift

θi
	     θ  /  θ i     
	     θ i  /  θ ¯     





	1
	4.6
	3345.3
	10.70
	0.23%
	143.3%
	0.66



	2
	4.2
	3206.4
	19.93
	0.47%
	70.2%
	1.34



	3
	3.6
	2916.1
	18.42
	0.51%
	65.1%
	1.44



	4
	3.6
	2380.6
	15.53
	0.43%
	77.2%
	1.22



	5
	3.6
	1701.3
	11.14
	0.31%
	107.7%
	0.87



	6
	4.2
	907.1
	7.15
	0.17%
	195.9%
	0.50
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Table 6. Calculation parameters.
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	Performance Point
	    S  d y     
	    S  d p     
	    S  a p     



	
	16 mm
	65 mm
	1.11 m/s2



	Target point
	    S  d t     
	    S  a t     
	    T  e q     



	
	42 mm
	0.72 m/s2
	1.5 s



	
	    μ  s t     
	   S R   
	    ζ  a t     



	
	2.67
	0.553
	0.174
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Table 7. Design parameters of viscous damper.






Table 7. Design parameters of viscous damper.





	Story
	     F  d i      ( kN )     
	Drift
	Number
	     C  d i        ( kN / mm )   α     
	   α   





	1
	656
	0.843
	2
	160
	0.2



	2
	1338
	0.864
	2
	320
	0.2



	3
	1442
	0.894
	2
	360
	0.2



	4
	1216
	0.894
	2
	280
	0.2



	5
	873
	0.894
	2
	200
	0.2



	6
	480
	0.864
	2
	120
	0.2
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Table 8. Detailed information of the natural seismic records.






Table 8. Detailed information of the natural seismic records.





	Name
	RSN
	Time
	Magnitude
	Event
	Station





	NW1
	175
	1979
	6.53
	Imperial Valley-06
	El Centro Array #12



	NW2
	1838
	1999
	7.13
	Hector Mine
	Whitewater Trout Farm



	NW3
	4489
	1999
	6.3
	L’Aquila_ Italy
	Montereale



	NW4
	6896
	1999
	7
	Darfield_ New Zealand
	DORC



	NW5
	167
	1999
	6.53
	Imperial Valley-06
	Compuertas
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Table 9. Average EDR of dampers    ζ d    in ST1.






Table 9. Average EDR of dampers    ζ d    in ST1.





	Case
	PGA = 70 gal
	PGA = 200 gal
	PGA = 400 gal





	AW1
	0.357
	0.493
	0.548



	AW2
	0.351
	0.500
	0.554



	NW1
	0.362
	0.498
	0.546



	NW2
	0.374
	0.499
	0.546



	NW3
	0.346
	0.491
	0.547



	NW4
	0.348
	0.522
	0.563



	NW5
	0.350
	0.478
	0.541



	Average
	0.355
	0.497
	0.549
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Table 10. Parameters of the viscous damper designed by the JSSI method.






Table 10. Parameters of the viscous damper designed by the JSSI method.





	Story
	     F  d i      ( kN )     
	Number
	     C  d i     (  kN / mm   ) α     
	   α   





	1
	1766
	2
	410
	0.2



	2
	865
	2
	360
	0.2



	3
	764
	2
	330
	0.2



	4
	798
	2
	300
	0.2



	5
	808
	2
	240
	0.2



	6
	712
	2
	130
	0.2
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Table 11. Comparison of    C  d i     from the two methods.






Table 11. Comparison of    C  d i     from the two methods.





	Story
	UDR Method
	JSSI Method





	1
	160
	410



	2
	320
	360



	3
	360
	330



	4
	280
	300



	5
	200
	240



	6
	120
	130



	Sum
	1440
	1770







Note: the unit of values in the table is   (  kN / mm   ) α   .
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