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ABSTRACT 
There are various types of passive energy dissipation systems that are used in the seismic design of 
new structures and the seismic rehabilitation of existing structures. One of the most important kinds of 
passive energy dissipation systems, which reduce both displacements and accelerations 
simultaneously, are fluid viscous dampers (FVDs). Using FVDs can reduce the seismic response and 
improve the performance of structures during earthquake excitations and has a significant effect on the 
damping of structure. In this paper, Single-Degree-of-Freedom (SDOF) systems with different periods 
and ductility values, equipped with FVDs, are considered. In order to evaluate the collapse capacity of 
structures with higher precision, P-Δ effects and strength degradation are taken into account in 
modeling. Incremental dynamic analysis (IDA) is applied to obtain the collapse capacity of the SDOF 
systems under far-field ground motion records, and finally the results are investigated. It should be 
mentioned that the results of this study can be extended to Multi-Degree-of-Freedom (MDOF) 
structures.  

4066

Available online at www.eccomasproceedia.org 
Eccomas Proceedia COMPDYN (2017) 4066-4075 

© 2017 The Authors. Published by Eccomas Proceedia.
Peer-review under responsibility of the organizing committee of COMPDYN 2017. 
doi: 10.7712/120117.5705.18225



1 INTRODUCTION 
Life safety and collapse prevention have always been the most important goals in seismic 

design. Advances in computing power and the development of models that can more 
accurately simulate the behavior of structural components at the time of collapse have made 
probabilistic assessment of seismic collapse possible. Seismic collapse is the final limit at 
which dynamic instability occurs. Preventing the collapse of structures with a good margin of 
safety, is one of most important goals of seismic design. Vamvatsikos and Cornell [1], 
introduced a method called Incremental Dynamic Analysis (IDA) to evaluate the seismic 
performance of structures. The IDA method is a tool for investigating the performance a 
structures form elastic range to collapse under the set of ground motion records. 

Conventional lateral force resisting systems (e.g., moment resisting frames) dissipate the 
energy due to seismic excitations by inelastic deformations in the components of the system 
and resist destructive forces such as earthquake by using ductility. But the amount of damping 
in these structures is not so much. After 1989 Loma Prieta and 1994 Northridge earthquakes, 
using passive energy dissipation systems for seismic design of structures was developed 
increasingly [2]. The principle role of a passive energy dissipation system is to reduce the 
inelastic deformation demands on the framing system of a structure [3]. These systems absorb 
a significant amount of the input energy from earthquake to the structure. Nowadays, there are 
various types of passive energy dissipation systems, such as Fluid Viscous Dampers (FVDs), 
hysteretic dampers, viscoelastic dampers and friction dampers [4, 5]. These dampers improve 
seismic performance by absorbing earthquake force and reducing structural response. Among 
these passive energy dissipation systems, FVDs are nowadays extensively used for the 
seismic design of new structures and seismic rehabilitation of existing structures [3, 6]. They 
can enhance the viscous damping of structures to more than 20-30% of critical damping (in 
addition to the inherent damping of structures) and decrease stresses and strains caused by the 
earthquake. Therefore, a number of procedures have been developed for the design of 
structures with FVDs [7-10]. These dampers can behave as linear or nonlinear elements. The 
velocity-dependent force developed by FVDs is as follows: 

� �vvCFd sgnuu D
(1) 

where C is the damping coefficient, v is the relative velocity between the two ends of the 
damper, α is the velocity exponent, and sgn is the signum function. The velocity exponent α 
indicates the degree of nonlinearity of FVD. α=1 corresponds to a linear FVD and the values 
of α lower than one correspond to nonlinear FVDs. It should be mentioned that the value of 
α, can vary in the range of 0.2 to 1.0 [11]. 

Due to the existence of the IDA method as a powerful tool for analysis, seismic collapse 
of structures, has been studied by many researchers [12, 13]. As a result, documents such as 
FEMA P695 [13] and FEMA P-58 [14] have been published, which present guides for 
assessing seismic collapse of structures. Collapse capacity is defined as the maximum 
earthquake intensity level at which the structure still keeps its dynamic stability [15]. Ibarra 
and Krawinkler [16] investigated the uncertainty in the deterioration parameters of SDOF 
systems on the variance of collapse capacity. In their study, dynamic analyses were 
performed on deteriorating hysteretic models. The results of the analyses indicated that 
uncertainties in the displacement at the peak strength and the post-capping stiffness 
significantly contribute to the variance of collapse capacity. Several researchers evaluated 
the collapse capacity of structures by use of simplified SDOF models, because of their 
efficacy in terms of calculation time. Certainly, the results can be extended to the Multi-
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Degree-of-Freedom (MDOF) structures [17,18]. The P-Δ effects are moments that are 
created in the structure by gravity loads due to displacement by the lateral force. Although 
hysteretic models have been considered in studies have positive post-yield stiffness, but 
considering P-Δ effects creates negative post-yield stiffness and finally leads to the collapse 
of structure. Adam et al. [17] investigated the P-Δ effects on collapse mechanism of non-
deteriorating MDOF structures by use of equivalent SDOF systems and pushover analysis. 
They showed that the collapse capacities obtained from simplified SDOF models were very 
close, with good accuracy, to the results obtained from the corresponding actual MDOF 
structures by use of IDAs. Sun et al. [19] investigated the effect of gravity on the dynamic 
behavior of SDOF systems and its impacts on the change of periods of systems. They 
showed that the maximum displacement, the system can bear without collapse is directly 
related to the stability coefficients and yield displacement. Jennings and Husid. [20] 
evaluated the time required to occur collapse in SDOF systems. The systems had positive 
post-yield stiffness but because of assuming P-Δ effects, negative post-yield stiffness had 
been created in structures. The results showed that the time to collapse was related to the 
yield strength, and the post-yield stiffness. Adam and Jäger [21] investigated the effect of 
both near-field ground motions and a finite ductility on the collapse capacity of inelastic non-
deteriorating SDOF systems by use IDAs. The P-Δ effect was taken into account in 
modeling. The results showed that for short period structures the median “instability collapse 
capacity” based on a near-field ground motion set is smaller compared to a corresponding 
one based on a far-field ground motion set; however, for structures with a period larger than 
1.5 s the opposite was true.  Miranda and Akkar [22] investigated the effects of the negative 
post-yield stiffness and structural vibration period of bilinear SDOF systems on lateral 
resistance required to avoid dynamic instability. They proposed an empirical equation to 
estimate the minimum lateral resistance to prevent the collapse of SDOF systems with P-Δ. 
The results showed that the lateral strength required to prevent collapse increased as the post-
yield descending branch of the force-deformation relationship was steeper. Many researchers 
investigated the seismic behavior of structures equipped with FVDs [23-27]. Hamidia et al. 
[28] proposed a simplified procedure to assess the seismic collapse of steel moment resisting 
frames equipped with linear and nonlinear FVDs. The proposed procedure is based on the 
seismic response of nonlinear equivalent SDOF systems equipped with FVDs, and using 
pushover analysis without the need for nonlinear time history dynamic analysis. However, 
this method is only a fast approximate procedure for assessing the collapse capacity with 
acceptable accuracy, and cannot completely replace very detailed nonlinear time history 
dynamic analyses. Due to the increasing use of FVDs to improve the seismic performance of 
structures, in this study the collapse capacity of SDOF systems equipped with FVDs is 
investigated. For this aim, 21 SDOF systems without supplemental viscous damping and 420 
SDOF systems with FVDs, having different values of ductility, damping ratio and velocity 
exponent, are considered. The collapse capacities of these SDOF systems are obtained by use 
of IDAs. 

2 STRUCTURAL MODELING AND ANALYSIS 
In this study, the seismic collapse capacity of SDOF systems equipped with FVDs was 

investigated. OpenSees software [29] was used to create the structural models of the SDOF 
systems. The elastic periods of the considered SDOF systems (Tel) are 0.4, 0.6, 0.8, 1, 1.5, 2 
and 3 s. For each period, three ductility, µ=δc/δy, values of 2, 4 and 8, which correspond 
respectively to brittle, moderately-ductile and ductile structures were assumed. To model the 
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inherent damping of the SDOF systems, a mass proportional damping ratio of 0.05 was 
considered. To improve the seismic performance of the systems, in addition to the inherent 
damping, linear and nonlinear FVDs were added to the SDOF systems. Five values for 
velocity exponent of FVD (i.e., α=0.2, 0.4, 0.6, 0.8 and 1) and four values for supplemental 
viscous damping ratio (i.e., ξsup=0.05, 0.1, 0.15 and 0.2) corresponding to each value of α 
were selected. Thus, a total number of 420 SDOF systems with FVDs having different values 
of ξsup and α, and 21 SDOF systems without FVDs were considered. The IDA method was 
used to compute the collapse capacity of SDOF systems under the 44 far-field ground motion 
records in FEMA P695 [13]. The P-Δ effect was taken into account in modeling and cyclic 
deterioration was neglected. The modified Ibarra-Medina-Krawinkler model (Bilin) [30] was 
applied to model the nonlinear behavior of the systems. Figure 1 illustrates the moment-
rotation relationship of the structural models. 

 

 
Figure 1: Modified Ibarra-Medina-Krawinkler model [30] 

Concentrated plasticity approach was used to model the nonlinear behavior of the systems. 
Each system was modeled by an elastic beam-column element, and a zero-length rotational 
spring at its end. To model FVD, a horizontal two-node-link element connected to the mass of 
SDOF system was used, and a ViscousDamper material [31] was assigned to it. This material 
uses the Maxwell model [32], which consists of a dashpot and an elastic spring element in 
series. The input parameters for the ViscousDamper material are the damping coefficient C, 
velocity exponent, α, and an equivalent damper stiffness. In this study, a very large value was 
used as the damper stiffness. It should be mentioned that residual strength was assumed equal 
to zero in this study (i.e., κ=0). It was assumed that the collapse occurs when the drift ratio of 
the system reaches the collapse drift limit, which corresponds to the point of zero strength at 
the end of the softening branch of the back-bone curve. Figures 2(a) and 2(b) respectively 
illustrate SDOF systems without and with supplemental viscous damping. 
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      (a)                                                            (b)  

Figure 2: a) SDOF system without FVD and b) SDOF system with FVD 

The supplemental viscous damping ratio for a SDOF system equipped with FVD can be 
obtained as: 

DZS
O[ �:

 1
0

sup )(2
1

u
C

m
(2) 

where u0 is the displacement of the SDOF system, λ is a constant that is a function of the 
velocity exponent α, C is the damping coefficient of the SDOF system, m is the mass of the 
SDOF system, and Ω is the excitation frequency, which is assumed equal to the natural 
frequency of the SDOF system, ω. Given a supplemental viscous damping ratio, the damping 
coefficient of the SDOF system can be obtained as follows: 
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To determine the damping coefficient of a SDOF system with nonlinear FVD, u0 was 
assumed equal to the yield displacement of the system, δy. The yield displacement of the 
SDOF system was obtained by using pushover analysis. Five percent damped pseudo-spectral 
acceleration at the elastic period of each system, Sa(Tel), was used as the IM for performing 
IDAs. Ground motion records were scaled to several intensity levels until the collapse occurs 
for each SDOF system. Therefore, the intensities of ground motion records corresponding to 
the collapse, (i.e., 44 Sacol values) were computed for each of the SDOF systems. Figure 3 
indicates the IDA curves of the SDOF system with T=0.8, µ=4 and α=0.6 having a 
supplemental viscous damping ratio of 0.2. 
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Figure 3: IDA curves of the SDOF system with T=0.8, µ=4 and α=0.6 having a supplemental viscous damping 
ratio of 0.2 

3 INVESTIGATING THE EFFECT OF DUCTILITY AND SUPPLEMENTAL 
VISCOUS DAMPING RATIO ON THE COLLAPSE CAPACITY 

    In this section, the median collapse capacities of SDOF systems for different values of 
ductility and supplemental viscous damping ratio with respect to the elastic periods of the 
considered SDOF systems are presented. Each chart in Figure 4 corresponds to a specified 
supplemental viscous damping ratio and α=1. Ductility, µ=δc/δy, varies between three values 
of 2, 4 and 8 in each chart, which corresponds to brittle, moderately-ductile and ductile 
structures, respectively. For a better comparison between the charts, the median collapse 
capacity of each SDOF system equipped with FVD was normalized to the median collapse 
capacity of its corresponding SDOF system without supplemental viscous damping, with only 
the 5% inherent viscous damping. It can be seen that, for a specified supplemental viscous 
damping ratio, the median collapse capacity of the system equipped with FVD normalized to 
the median collapse capacity of its corresponding SDOF system without supplemental viscous 
damping is not a function of ductility as the elastic period of SDOF system increases. Because 
the P-Δ effects control the collapse capacity of long period structures with and without 
supplemental viscous damping. According to the charts, by increasing the supplemental 
viscous damping ratio in structures, the median collapse capacities of SDOF systems increase. 
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Figure 4. Median collapse capacity of SDOF systems equipped with FVDs normalized to the median collapse 
capacity of their corresponding SDOF systems without supplemental viscous damping, considering different 

ductility values, 1 D  
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Figure 4. continued

4 CONCLUSIONS 
In this study, the collapse capacity of SDOF systems equipped with FVDs under 44 far-

field ground motion records were investigated. The results indicate that for a given level of 
supplemental viscous damping ratio and  velocity exponent, by increasing the elastic period of 
SDOF system the median collapse capacity of the system equipped with FVD normalized to 
the median collapse capacity of its corresponding SDOF system without supplemental viscous 
damping is not a function of ductility. This is because of the fact that the P-Δ effects control 
the collapse capacity of long period structures with and without supplemental viscous 
damping. 
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