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A B S T R A C T   

In this paper, the effect of using different passive control systems on the seismic performance of an eight-story 
intermediate steel moment frame was investigated. For this purpose, ten steel frames equipped with the linear 
and nonlinear fluid viscous dampers with three different arrangements, viscoelastic damper, Pall friction damper, 
and metallic damper (TADAS) were modeled and designed according to the ASCE 7-16 and AISC 360-16 pro-
visions. To investigate the seismic behavior of each system, nonlinear time history analyses were performed using 
eleven ground motion records in OpenSees software. The seismic responses of the frames were studied and 
compared in terms of the maximum roof displacement, maximum story drift, maximum base shear, input energy, 
and dissipated energy through the dampers for different types and arrangements of dampers. The results revealed 
that the structures with dampers had an outstanding seismic performance compared to the original structure. 
Among the three arrangements considered for the viscous dampers, the toggle arrangement had a significantly 
better seismic performance compared to the Chevron and Diagonal damper arrangements. Also, nonlinear 
viscous dampers dissipated much more seismic input energy compared to linear viscous dampers that resulted in 
improved seismic performance of the frames. In addition, among the friction, metallic, and viscoelastic dampers, 
the friction damper had the most beneficial effects for the structures studied.   

1. Introduction 

Given the vulnerability of buildings in severe earthquakes, one of the 
challenges for engineers is always to use efficient equipments within the 
structure to dissipate seismic energy [1]. One solution could be passive 
energy damping devices, which damp the seismic energy without a need 
for an external energy source like electricity [2]. The primary role of 
these devices is to increase the overall stiffness and damping in the 
structure and thereby reduce displacement demand in the main mem-
bers of the frame, such as beams and columns [3]. In conventional 
structural systems, due to the lack of energy dissipating systems, the 
earthquake input energy is dissipated through plastic deformation in 
structural elements such as beams and columns in moment-resisting 
frames, vertical or horizontal links in eccentrically braced frames 
(EBFs) and bracings in concentrically braced frames. The plastic defor-
mation in the structural members can cause structural damage and may 
result in costly rehabilitation plans. Furthermore, if the structural 
damage exceeds certain limits the safety of the structure is endangered 

and structural collapse can occure. New design procedures have been 
proposed for such conventional systems to improve their seismic per-
formance and their collapse mechanism [4–10]. 

Therefore, using energy-damping systems such as viscous, visco-
elastic, friction, and metallic dampers is an excellent method to absorb 
the input seismic energy and save the structural elements from damage. 
These devices start to dissipate energy by either yielding of mild steel, 
sliding friction, the motion of a piston within a viscous fluid, or visco-
elastic action in polymetric materials [1]. Because these devices require 
relative displacement or velocity to be activated, they can be categorized 
into two groups: displacement-dependent and velocity-dependent de-
vices. Yielding of mild steel and friction-based devices are examples of 
the first group; also, viscous fluid damper and viscoelastic materials are 
in the second group [11].To date, some numerical and experimental 
works are performed to show how damping devices affect the seismic 
performance of the structures; for example, Constantinou and Symans 
[12] did an experimental study and compared the seismic response of a 
structure with and without fluid dampers. Lee and Taylor [13] explained 

* Corresponding author. 
E-mail addresses: reza.siami@aut.ac.ir (R. Siami Kaleybar), payam.tehrani@aut.ac.ir (P. Tehrani).  

Contents lists available at ScienceDirect 

Structures 

journal homepage: www.elsevier.com/locate/structures 

https://doi.org/10.1016/j.istruc.2021.06.079 
Received 7 April 2021; Received in revised form 28 May 2021; Accepted 22 June 2021   

Downloaded from https://iranpaper.ir

mailto:reza.siami@aut.ac.ir
mailto:payam.tehrani@aut.ac.ir
www.sciencedirect.com/science/journal/23520124
https://www.elsevier.com/locate/structures
https://doi.org/10.1016/j.istruc.2021.06.079
https://doi.org/10.1016/j.istruc.2021.06.079
https://doi.org/10.1016/j.istruc.2021.06.079
http://crossmark.crossref.org/dialog/?doi=10.1016/j.istruc.2021.06.079&domain=pdf


Structures 33 (2021) 3382–3396

3383

fluid viscous damper and its technology, installation methods, and the 
analysis procedure. Uriz and Whittaker [14] studied the retrofitting of a 
pre-Northridge three-story steel frame with viscous dampers. Miyamoto 
et al. [15] investigated the collapse hazard of a ten-story steel frame 
equipped with a viscous damper during large earthquakes. Kim et al. 
[16] evaluated the progressive collapse potential of steel frames 
equipped with viscous dampers. Wang and Mahin [17] focused on ret-
rofitting of a 35-story steel building with viscous dampers and proposed 
an optimized placement of these dampers. Sepehri et al.[18] studied the 
seismic demand of viscous dampers by focusing on the probability of 
damage in these devices. Gong et al. [19] investigated the seismic per-
formance of an irregular and complex structure equipped with a new 
type of viscoelastic damper. Heydarinouri and Zahrai [20] proposed a 
step by step procedure for designing and determining optimal location of 
viscoelastic dampers. Liao et al.[21] compared results from the experi-
ment and capacity spectrum method for a three-story steel frame 
equipped with a friction damper. Ribakov [22] investigated a hybrid 
damping system that contained viscous and friction dampers. Tafakori 
et al. [23] worked on retrofitting a 15-story steel structure equipped 
with a friction damper and optimized the damper’s configuration. 
Brando et al. [24] studied hysteretic and viscous dampers in a three- 
story steel frame. Bagheri et al. [25] compared the seismic response of 
metallic and friction dampers in 3, 5, and 10-story structures. Tehrani 
and Maalek [26,27] compared the use of different types of passive 
dampers in seismic rehabilitation of an existing steel structure. Nastri 
et al. described three design criteria for moment-resisting frames (MRFs) 
equipped with friction beam-to-column joints and examined their 
seismic performance using non-linear static and dynamic analyses [28]; 
Mirzai et al. proposed a self-centering damper for inverted Y-braced EBF 
system that combines shape memory alloy bars and lead rubber damper 
(SMA-LRD) to reduce the link plastic rotation demand, residual link 
plastic rotation, maximum absolute floor acceleration and repair costs 
and it can also be used as a system for seismic retrofitting of the EBFs. 
[29]. Titirla et al. studied the mechanical response of an innovative 
energy dissipation device in which the energy dissipation mechanism of 
the superimposed blades functions via both steel yielding and frictional 
forces between the blades [30]. Piluso et al. proposed an innovative 
approach for the use of friction dampers in seismic resistant steel 
structures. They developed beam-to-column connections equipped with 
friction dampers showing low damage [31]. 

For the case of viscous dampers often different arrangements can be 
used for the installation of the dampers (e.g., diagonal, chevron and 
toggle arrangements) and in addition, the behavior of the dampers can 
be either linear or nonlinear. Some studies investigated the viscous 
dampers with toggle arrangements and proposed some criteria on the 
geometric properties of this arrangement [32–34]. Very limited research 
is available to investigate the influence of such properties of viscous 
dampers (i.e., different arrangements and types of behavior) on the 
seismic performance of steel frames. In the present study first the in-
fluence of arrangements and nonlinear behavior is investigated on the 
seismic response of steel frames equipped with viscous dampers and 
then the effects of using different passive control devices on the seismic 
performance of the frames are compared. In the next parts, the prop-
erties and applications of these devices are described briefly. 

1.1. Viscous damper 

Viscous dampers are usually constructed in two different ways, with 
an accumulator (Fig. 1a) or with a run-through piston rod (Fig. 1b). In 
the first method, silicon fluid within the cylinder, moves from a chamber 
to another chamber through orifices of the piston head. In the second 
method, which is more common than the first one, the fluid moves 
through the gap between the piston head and the cylinder. The motion of 
the fluid within the cylinder, which is induced by an external force like 
wind or ground motion, dissipates the input energy [35,36]. 

Also, the force in the fluid damper is specified as follows [11]: 

F = C|u̇|α × sgn(u̇) (1)  

where C is damping constant, u̇ is the velocity of the piston, α is a co-
efficient in the range of 0.1 to 2.0, and sgn is the signum function. 
Dampers with α = 1 are considered as a linear viscous damper. In 
addition, the viscous damper can be used in different arrangements such 
as diagonal, chevron, and toggle, as shown in Fig. 2 [33]. 

The additional damping ratio induced by a viscous damper can be 
determined with the following Equation [37]: 

ζ =
T2− α

1 λ
∑

jCj

⃒
⃒
⃒(fh)j(∅h)rj − (fv)j(∅v)rj

⃒
⃒
⃒

1+α

(2π)3− αA1− α
∑

imi(∅h)
2
i

(2)  

where T1 is the fundamental natural period of the structure, Cj is the 
damping coefficient, (∅h)rj is the first mode relative displacement in the 
horizontal direction, (∅h) is the modal displacement normalized to a 
unit value at the roof; A is the roof displacement, mi is the weight of each 
story, fh is the magnification factor, and λ is a coefficient which is 
determined as follows: 

In which Г is the gamma function. It should be noted that in this 
research, 

(
fv
)

j(∅v)rj term in Equation (2) was not considered due to 
ignoring the vertical displacement of the structure. 

Fig. 1. Viscous damper configurations: (a) with an accumulator and (b) with a run-through piston rod [35,36].  

Fig. 2. Different arrangements of viscous damper: (a) diagonal, (b) chevron, (c) 
upper toggle system, and (d) lower toggle system [33]. 
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1.2. Viscoelastic damper 

Viscoelastic dampers, unlike the viscous dampers, conduce a 
considerable increase in stiffness of the structure in addition to 
increasing damping. Also, these devices spread the input energy in a 
wider frequency range. The typical construction of these devices is 
shown in Fig. 3, which is made from viscoelastic layers, and a steel plate 
accommodates between them. It is worth mentioning that the dissipa-
tion of energy in these devices is a result of the shear deformation of 
viscoelastic materials [35]. 

In general, the viscoelastic damper properties depend on the storage 
modulus G’, loss modulus G’’, and loss factor ηv, etc. After adding the 
viscoelastic damper to the model, if the mode shapes had no noticeable 
changes, the following Equation can be used for calculation of damping 
ratio,ξi, for the ith vibration mode [38]: 

ξi =
ηv− b

2

(

1 −
ω2

i

ω2
si

)

(4) 

In which ωsi and ωi are the ith natural frequencies of the structure 
with and without a viscoelastic damper, respectively; and ηv− b is the 
total effective loss factor of the viscoelastic dampers. 

1.3. Friction damper 

Friction dampers generally are constructed by clamping steel plates 
together. The friction mechanism between the plates dissipates input 
energy. These dampers are designed for an optimum slip load so that the 
main members do not yield before dampers slip. If the slip load is chosen 
very low or very high, as shown in Fig. 4, the response would be irra-
tional, and maybe after an earthquake, the structure will not return to 
the elastic state. In this research, a Pall friction damper is used, which is 
shown in Fig. 5 [39]. Some of the advantages of these types of dampers 
are noticed as follows [40]:  

• Low cost and no requirement for any maintenance  
• No need to replace or repair after an earthquake  
• Providing additional damping and stiffness to structure and making 

it more sustainable  
• Independent performance on various temperature and velocity  
• Not suffering from fatigue  
• Easy accommodation within the structure 

1.4. Metallic damper 

Metallic dampers dissipate the input energy by yielding of metals. 
The mechanism of these devices is based on the relative drift between 
the upper and lower ends of plates. TADAS is one of these dampers that 
is shown in Fig. 6. Some of the advantages of these dampers are the 
simple construction, easy accommodation in the frame, having stable 

behavior during an earthquake, easy to replace, not dependent on 
environmental changes, and adding additional damping and stiffness to 
the structure [41]. 

One of the essential issues that should be considered in the design of 
these devices is low-cycle fatigue. The number of cycles (Nf) that can be 
tolerated until reaching the plastic strain (εmax) in these devices can be 
determined by the following Equation [42]: 

εmax = AN − b
f (5)  

where A = 0.08, b = 0.3, and Nf = 100 are considered for steel devices. 
Moreover, the Shear strength (Vd) of each plate can be determined by 
Equation (6) [42]: 

Vd =
Fybt2

4h
(6) 

In which Fy is the yield stress of metal, b is the width, t is the 
thickness, and h is the height of the triangular plate. Also, the stiffness of 
each plate can be calculated by the following Equation [42]: 

Kdi =
Ebt3

6h3 (7) 

In which E is the metal modulus of elasticity. 

1.5. Hysteresis loops of dampers 

In Figs. 7 and 8, force–displacement loops for displacement- 
dependent and velocity-dependent devices are shown, respectively [11]: 

2. Model selection and assumptions 

In this paper, a total of ten 2D eight-story steel intermediate moment 
frames equipped with different types of dampers were studied (i.e., one 
frame with no damper, six with linear and nonlinear viscous dampers in 
three different arrangements, one with viscoelastic, one with friction, 
and one with a metallic damper). Each frame has three bays with a 
length of 6 m (i.e., a total width of 18 m). The height of each floor was 
considered 3.2 m. The different arrangements of these models are shown 
in Fig. 9 and Fig. 10. 

It was assumed that the structures are located on a site class C with 
seismic design category IV, SDS = 1.579, and SD1 = 0.657. The struc-
tures were modeled and designed according to ASCE 7-16 code, AISC 
360-16 provisions, and the seismic provisions of AISC 341-16 [43–45]. 
In accordance with ASCE7-16, steel structures with intermediate 
moment-resisting systems have response modification factor, R, over-
strength factor, Ω0, and deflection amplification factor, Cd, equal to 4.5, 
3.0, and 4.0, respectively [43]. Eleven maximum direction spectra 
(RotD100 Sa(g)) were selected and scaled based on the ASCE7-16 pro-
visions, such that the average of the maximum-direction spectra from all 
the ground motions generally matches or exceeds the target response 
spectrum over the period range of 0.2 T to 2 T, where T is the fundu-
mental period of the structure. The average of the maximum-direction 
spectra from all the ground motions does not fall below 90% of the Fig. 3. Viscoelastic damper configuration [35].  

Fig. 4. Friction damper slip load [39].  
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target response for any period within the same period range [43]. These 
eleven ground motions are imposed on all frames with the same scale 
factors. The properties of selected ground motions are depicted in 
Table 1, and the response spectra of the scaled ground motions are 
shown in Fig. 11. 

The Metal deck system was used for floors, so the gravity dead loads 
were considered 4.9 and 4.0 kN/m2, and the live loads were considered 
2.0 and 1.5 kN/m2, respectively, for the stories and the roof. It was 

assumed that the weight of the external walls is 11 kN/m. For per-
forming 2D analysis, the procedure proposed by FEMA P695 was used to 
separate the 2D model from its 3D model. In accordance with this pro-
cedure, gravity loads are distributed to the outer beams with considering 
their tributary area. Also, to consider P-Delta effects, some leaning 
columns, which carry half of the gravity loads of each story, were 
modeled adjacent to the 2D frame [46]. Fig. 12 illustrates this method in 
a clear way. The columns and beams sections are BOX and IPE, 
respectively. The designed sections assigned to each story are shown in 
Table 2 that were determined from an equivalent lateral force procedure 
in SAP2000 software [47]. All of the intermediate moment-resisting 
frames in this study were designed using a behavior factor of 4.5 
based on the ASCE 7-16 provisions. Also based on the ASCE7-16 pro-
visions, the main elements of the equipped structures should tolerate 
75% of the design base shear when the dampers do not work [43]. After 
designing the frames, a target damping ratio for the structures were 
considered (e.g., 15%) and the dampers were designed to achieve this 
damping ratio (e.g., as shown in Section 3). Since a similar R factor is 
used for the design of all frames, a more rational comparison can be 
made between the seismic performance of the frames equipped with 
various types of dampers for the sake of this research. It should be 
mentioned that SAP2000 version 22.2.0 and OpenSees version 3.2.2 
were utilized for numerical modeling of these structures [47,48]. 

In SAP2000, the elements were modeled using super elements and 
concentrated hinges that are located at 5% of the length of the elements 
relative to both ends. The moment–curvature relation backbone curves 
(Fig. 13) for these hinges are defined by Table 9.7.1 of ASCE41-17 [49]. 

In OpenSees, a distributed plasticity method was utilized for 
modeling the frame members. For this purpose, each element should 
have enough fibers to be capable of catching nonlinear behavior. The 
number of integration points was considered equal to 5. It is noted that 
the optimal number of fibers and integration points were determined 

Fig. 5. Pall Friction damper configuration [39].  

Fig. 6. TADAS configuration [41].  

Fig. 7. Force-displacement loops for displacement-dependent devices: (a) 
metallic and (b) friction [11]. 

Fig. 8. Force-displacement loops for velocity-dependent devices: (a) visco-
elastic and (b) viscous [11]. 
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using a number of sensitivity studies to make sure that the predictions 
are accurate and precise. The details of these fiber sections for beams 
and columns are shown in Fig. 14. Steel02 material was used for 
modeling the behavior of steel, and the forceBeamColumn command 
was considered for nonlinear modeling of the main elements [48]. 

The structure material is ST52 with the yield strength of 360 MPa, 
Ultimate strength of 520 MPa, and a modulus of young equal to 200 GPa. 

3. Dampers design and modeling 

In this part, the detail of the design procedure and elements used for 
each damper are discussed. The elements, materials, and the restraint 
condition for joints and dampers are shown in Fig. 15 for each model. 

Fig. 9. Different arrangement of linear and nonlinear viscous damper: (a) Diagonal, (b) Chevron, and (c) Toggle.  

Fig. 10. Arrangement of (a) Viscoelastic, (b) Friction, and (c) Metallic dampers.  

Table 1 
Selected ground motions.  

ID Earthquake Name Year Station Name Magnitude Rjb (km) Rrup (km) PGA (g) Scale Factor 

1 Northridge-01 1994 Arcadia - Arcadia Av  6.69  39.41  39.73  0.10863 5 
2 Hector Mine 1999 Amboy  7.13  41.81  43.05  0.21116 3 
3 Imperial Valley-06 1979 Calexico Fire Station  6.53  10.45  10.45  0.28740 2.5 
4 Kobe_ Japan 1995 Sakai  6.9  28.08  28.08  0.15998 3.4 
5 Landers 1992 Mission Creek Fault  7.28  26.96  26.96  0.14706 5 
6 Loma Prieta 1989 Coyote Lake Dam  6.93  20.44  20.8  0.30401 2 
7 Chi-Chi_ Taiwan-03 1999 TCU075  6.2  18.47  19.65  0.25036 3 
8 Cape Mendocino 1992 Fortuna Fire Station  7.01  16.54  20.41  0.41413 1.5 
9 San Fernando 1971 LA - Hollywood Stor FF  6.61  22.77  22.77  0.25857 3 
10 Superstition Hills-02 1987 Brawley Airport  6.54  17.03  17.03  0.14916 4.5 
11 Friuli_ Italy-01 1976 Tolmezzo  6.5  14.97  15.82  0.39665 1.75  
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3.1. Viscous damper 

In Fig. 15a,b, and c, the different arrangements of the viscous 
dampers are shown. For nonlinear and linear models of viscous damper, 
the α coefficient was considered as 0.5 and 1.0, respectively. Also, the λ 
coefficient was calculated using Equation (3), which is equal to 3.496 
and 3.14 for nonlinear and linear models, respectively. The magnifica-
tion factor for each arrangement is represented in Table 3 [42]. In the 
toggle arrangement, which is shown in Fig. 2d and Fig. 15c, the pa-
rameters were defined as below: 

θ1 = 22, θ2 = 55.56, θ3 = 26.42,L1 = 3.5m,L2 = 3.34m 

Research has shown that the magnification factor, fh, in the range of 
2 to 3 will typically result in an optimal performance and the toggle- 
brace-dampers with this range of fh have been used in different 
research (e.g., Constantinou et al., 2001 and Zhang et al., 2012)[32,33]. 
Similarly, in this study the angles are selected so that the magnification 
coefficient is equal to 2.86, which is a reasonable value for the sake of 

this research. Also the criteria used for choosing the angles θ1 to θ3 of the 
toggle arrangement, as shown in Fig. 2 (d), are in accordance with a 
study by Hwang et al. (2005)[34]. 

It should be mentioned that in Fig. 15b, the distance between point A 
and the upper beam is equal to 1 cm; so the viscous damper can be 
assumed horizontally in the chevron arrangement. 

The damping coefficient, C, is calculated from Equation (2), 
assuming an additional damping ratio, ζ , equal to 15%. In Table 4, the 
values of C are presented. 

In SAP2000 software, “two joint link” element and “Damper-Expo-
nential” link were used for modeling viscous damper in all 
arrangements. 

In OpenSees, for diagonal arrangement, “twoNodeLink” element and 
“ViscousDamper” material were used. Also, for chevron and toggle ar-
rangements “twoNodeLink” element and “Viscous” material were uti-
lized. Braces are modeled using “elasticBeamColumn” command that 
are moment-free in both ends. It should be mentioned that the dampers 
can move only in U1 direction. 

Fig. 11. Target response spectrum and scaled ground motion spectra.  

Fig. 12. Schematic plan and elevation of frames.  
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3.2. Viscoelastic damper 

In this article, according to Chang et al.(1998) study, 3MISD110 
viscoelastic material was used, which has a storage modulus (G’) and 
loss factor (G’’) determined as follows[38]: 

G’ = e10.17443.T− 3.10205.F0.475466, ηv =
G’’(ω)
G’(ω)

= 1.2 (8) 

Where T is the temperature in Celsius degree, and F is the frequency 
(Hz). 

For designing this type of damper, the modal strain energy method 
was utilized [38]. According to this method and the study of Chang et al. 
(1998), two-layer of viscoelastic material with dimensions of 70, 50, and 
5 cm for length, width, and thickness were determined, respectively. 
Also, the damping coefficient and the stiffness of the viscoelastic damper 
were calculated as 2641 kN.Sec

m and 6189 kN
m , respectively. 

In SAP2000 software, “two joint link” element and “Linear” link were 
used for modeling viscoelastic damper. 

In OpenSees, two parallel “twoNodeLink” elements with “Viscous” 
and “Elastic” materials were used for modeling of the viscoelastic 
damper. Braces are modeled using “elasticBeamColumn” command, 
which are moment-free in both ends. The rigid elements were modeled 
using “rigidLink” command. It should be mentioned that the damper can 
move only in U1 direction. Details of modeling for this damper is shown 
in Fig. 15d. 

3.3. Friction damper 

In this study, for designing of friction dampers, the method proposed 
by Filiatrault and Cherry’s (1990) was utilized [50]. Based on this 
method, the design slip load spectrum, as shown in Fig. 16, was deter-
mined. In this Figure, Tg is predominant ground period, Tu is the natural 
period of the unbraced structure that is equal to 2.285 sec, V0 is the total 
optimum slip shear of all friction dampers in the structure, m is the total 
mass of the structure, and ag is the peak ground acceleration. By using 
this spectrum, V0 was determined as 1737 KN. After the distribution of 
V0 to stories and dampers, each friction damper has an optimum slip 
load equal to 254 KN. It should be mentioned that all requirements for 
using this method were checked to be within limits. Also, it was checked 
that under wind load, friction dampers do not slip. In addition to these 
controls, it was checked that the braces do not yield before slipping of 
friction dampers [50]. 

In SAP2000 software, “two joint link” element and “Plastic Wen” link 
were used for modeling friction damper. 

In OpenSees, “twoNodeLink” element with “BoucWen” material was 
used for modeling the friction damper. Braces are modeled using 
“elasticBeamColumn” command, which are moment-free in one end that 
is connected to the beam and column. It should be mentioned that the 
dampers can move only in U1 direction. Details of modeling for this 
damper is shown in Fig. 15e. 

3.4. Metallic damper 

The design of these dampers in this research was conducted based on 

Table 2 
Designed sections.  

ID Frame Story Columns Story Beams Story Braces  

1 Without 
Damper 
2 Viscous- 
Diagonal- 
Linear 
3 Viscous- 
Diagonal- 
nonlinear  

1–2 
3–4 
5–6 
7–8 

BOX 260 
BOX 240 
BOX 220 
BOX 180 

1–3 
4–5 
6–8 

IPE 400 
IPE 360 
IPE 330 

1–8  –  

4 Viscous- 
Chevron-Linear 
5 Viscous- 
Chevron- 
nonlinear 
6 Viscous- 
Toggle-Linear 
7 Viscous- 
Toggle- 
nonlinear 
8 Viscoelastic 

1–2 
3–4 
5–6 
7–8 

BOX 260 
BOX 240 
BOX 220 
BOX 180 

1–3 
4–5 
6–8 

IPE 400 
IPE 360 
IPE 330 

1–8 2 UPN180 

9 Friction 
10 Metallic 

1–2 
3–4 
5–6 
7–8 

BOX 260 
BOX 240 
BOX 220 
BOX 180 

1–3 
4–5 
6–8 

IPE 400 
IPE 360 
IPE 330 

1–8 2 UPN200  

Fig. 13. Hinge Properties for frame elements [49].  

Fig. 14. Beam and column sections.  
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a study by Tsai et al. (1993) [51]. By using Equations (5) to (7), the 
procedure proposed by Tsai (1993), and the ASCE7-16 code, the yield 
strength and stiffness for each damper were calculated and are 

summarized in Table 5: 
In SAP2000 software, “two joint link” element and “Plastic Wen” link 

were used for modeling metallic damper. 
In OpenSees, “twoNodeLink” element with “Steel02′′ material was 

used for modeling of the metallic damper. Braces are modeled using 
”elasticBeamColumn“ command, which are moment-free in both ends. It 
should be mentioned that the dampers can move only in U2 direction. 
Details of modeling for this damper are shown in Fig. 15f. 

Fig. 15. Details of modeling for different types of dampers:a) Diagonal viscous damper b) Chevron viscous damper c) Toggle viscous damper d) Viscoelastic damper 
e) Friction damper f) Metallic damper. 

Table 3 
Value of fh for each arrangement.  

Arrangement The formula for calculation offh  Value offh  

Diagonal cosθ  0.8823 
Chevron 1 1 
Toggle sin(θ2)sin(θ1 + θ3)

cos(θ1 + θ2)

2.8638  

Table 4 
Value of C for each arrangement.  

Arrangement Type 
Value of C

(
kN.Sec

m

)

Diagonal Linear 3157 
Nonlinear 845 

Chevron Linear 2458 
Nonlinear 700 

Toggle Linear 298 
Nonlinear 144  

Fig. 16. Design slip-load spectrum.  
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The analyses in this study are carried out using two different soft-
ware (i.e., OpenSees and SAP2000) so that the results from these soft-
ware can be used to verify the structural modelling and the results 
obtained from nonlinear analyses. In addition, since the prediction of the 
total and dissipated energy is not straightforward in OpenSees software, 
the SAP2000 software can be used to obtain such data that can be used 
for the performance evaluation of different passive energy dissipation 
devices. 

In order to investigate the accuracy of the results obtained from 
OpenSees and SAP2000 software, the force–displacement loops of 
different dampers are predicted under Imperial Valley earthquake. As 
shown in Fig. 17, the predictions obtained from both software are in 
good agreement. Also, for each model, period, columns axial force, 
maximum roof displacement, and maximum roof acceleration were 
controlled in both software. It was confirmed that for each model, both 
software almost has the same seismic responses. It should be mentioned 
that the results presented in this paper were obtained from OpenSees 
software and only input energy and dissipated energy obtained from 
SAP2000 software. 

4. Numerical results and discussion 

4.1. Viscous dampers with different damping coefficient (C) 

In this part, linear and nonlinear viscous dampers in diagonal, 

chevron, and toggle arrangements are compared, which have damping 
coefficients in accordance to Table 4. 

The damping coefficients, C, for different cases are calculated such 
that an additional damping ratio, ζ , of 15% be available for all ar-
rangements and types of viscous dampers. After analyzing the models 
using 11 ground motions, the results are represented in Table 6, which 
are the mean seismic responses under these ground motions. The results 
indicate that in structures with viscous dampers, the maximum roof 
displacement and maximum base shear of the structures are reduced 
approximately by 45% and 40% compared to the primary structure, 
respectively. Also, in all structures with viscous dampers, the seismic 
responses of the structures are almost equal, while the damping co-
efficients are different; this shows that for the same seismic performance 
level, the diagonal arrangement needs the highest damping coefficient, 
and the toggle arrangement needs the lowest damping coefficient. It 
should be noted that the cost of the project will rise when a higher 
damping coefficient is used. So, for the same seismic performance level, 
without considering the cost of construction of braces and their 
connection complexity, the diagonal arrangement has the highest cost 
and the toggle arrangement has the lowest cost. 

4.2. Viscous dampers with an identical damping coefficient (C) 

In this part, for a better demonstration of the effect of damping co-
efficient (C) on seismic responses, the value of C is assumed 839 kN.Sec

m for 
all arrangements of the viscous damper. This value was chosen so that all 
arangements of viscous damper are seismically efficient and are in their 
allowable drift limit. In Figs. 18 and 19, the maximum displacements 
and maximum base shears of structures are shown, which are obtained 
from the average of maximum seismic responses of 11 ground motions 
imposed to the structures. The results show that the structures with 
viscous damper have significantly smaller displacements and base 
shears compared to the primary structure without damper. Also, in all 
arrangements, nonlinear dampers have better seismic performance 
compared to linear dampers. In the investigation of the arrangement 
effect, results indicate that the toggle is more efficient than chevron, and 
chevron is more efficient than diagonal arrangement. Because the values 
of the magnification factor for diagonal and chevron arrangements are 

Table 5 
Properties of metallic dampers in each story.  

Story Yield Strength of Damper 
(kN) 

Stiffness of Damper 

(
kN
m

)  

Number of 
Plates 

1 375 35,590 14 
2 375 35,590 14 
3 321 30,506 12 
4 321 30,506 12 
5 268 25,422 10 
6 268 25,422 10 
7 134 12,711 5 
8 134 12,711 5  

Fig. 17. Force-Displacement loops for: (a) Viscous, (b), Viscoelastic (c), Friction, and (d) Metallic Dampers.  
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Table 6 
Seismic responses of viscous dampers in different arrangements.  

model Type Damping 

Coefficient
(

kN.Sec
m

)
Maximum Displacement of roof 
(cm) 

Reduction of Displacement 
(%) 

Maximum Base Shear 
(kN) 

Reduction of Base Shear 
(%) 

Primary – –  24.50  –  805.0  – 
Diagonal Linear 3157  13.25  45.9  512.5  36.3 

Nonlinear 845  12.50  49.0  517.5  35.7 
Chevron Linear 2458  13.25  45.9  482.5  40.0 

Nonlinear 700  12.85  47.5  467.5  41.9 
Toggle Linear 298  13.60  44.5  480.0  40.3 

Nonlinear 144  12.50  49.0  472.5  41.3  

Fig. 18. Maximum displacement of the roof.  

Fig. 19. Maximum base shear.  

Fig. 20. Input energy and dissipated energy.  
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almost equal, displacement responses for these arrangements have not 
much difference. 

In Fig. 20, the values of input energy into the structure and dissipated 
energy by dampers are shown, which are obtained from the average of 
maximum input and dissipated energy of 11 ground motions. Also, for 
more clarification, in Fig. 21, the ratio of dissipated energy by dampers 
to input energy is represented. These results show that the nonlinear 
dampers are more efficient than linear dampers and dissipate much 
more energy. Besides, from Fig. 20 it is obvious that the toggle 
arrangement dissipates energy more than the chevron arrangement, and 
the chevron arrangement dissipates energy more than the diagonal 
arrangement. 

For instance, the displacement and base shear of primary structure 
and nonlinear toggle arrangement under Imperial Valley ground motion 
are shown in Figs. 22 and 23, respectively. 

In Fig. 24, maximum drift ratio of stories under Imperial Valley 
ground motion for different arrangements of the viscous damper is 
shown. The results show that the structures with viscous damper have 
smaller story drifts compared to the the primary structure. Also, the 
toggle arrangement has the best performance among the three ar-
rangements of the viscous dampers in reducing the story drifts. Besides, 
nonlinear dampers are more efficient than linear dampers. In addition, 
the envelope curves of the maximum displacement of different floors are 
shown in Fig. 25, which are obtained from the average seismic response 
of 11 ground motions. 

Fig. 26 shows Force-Displacement loops for linear and nonlinear 
viscous dampers in the first story under Imperial Valley ground motion. 
There are some noticeable results that can be conferred from this Figure: 
A) Nonlinear dampers have a larger area of loops in comparison to linear 
dampers; this means they can dissipate more energy compared to linear 
dampers. B) Nonlinear dampers have a more stable behavior compared 
to linear dampers, because their loops are in a smaller range of 
displacement and a wider range of force. C) Toggle arrangement has the 
biggest area of loops indicating its superior performance. D) Chevron 
and Diagonal dampers have loops with the approximately same area that 
means they have almost similar seismic performance. It should be 
mentioned that the same performance can be related to their close 
magnification factors. 

4.3. Comparison of seismic demand for metallic, friction, and viscoelastic 
dampers 

While the main goal of this research is to study the influence of the 
types and arrangements of viscous dampers on the seismic performance 
of the steel frames, it is also interesting to compare the seismic perfor-
mance of the structures equipped with different types of dampers 
including viscoelastic, metallic and friction dampers for the structures 
under study. There are limited research available to compare the seismic 

performance of structures equipped with different passive devices and in 
most studies only the seismic performance of the structures equipped 
with a specific device is studied. These dampers are designed based on 
the methods used in practice and therefore, this comparison can provide 
guidance for engineers in selecting the most efficient energy dissipation 
devices. However, it should be mentioned that the result of this com-
parison may be limited to the structural properties used for the case 
study in this research and general conclusions may not be made without 
further research. 

In this part, the seismic response of metallic, friction, and viscoelastic 
dampers are compared in Table 7. All properties of these dampers, such 
as their stiffness and damping coefficient, were discussed in Section 3 of 
this paper. 

As shown in Table 7, all models equipped with dampers have 
improved seismic performance compared to the primary structure. 
Among these dampers, the friction damper dissipated the highest 
amount of energy among others, and the percentage of reduction in 
displacement demands and base shear are higher for this damper 
compared to the other dampers of this group. Also, the results indicate 
that the frames with metallic dampers have smaller displacements and 
larger base shear compared to the frames equipped with viscoelastic 
dampers. 

In Figs. 27 and 28, maximum story drift ratios under Imperial Valley 
ground motion and maximum displacement of each story, which are 
obtained from the average seismic response of 11 ground motions, are 
shown. The results demonstrate that in all models equipped with 
dampers, story drift and displacement of each story are reduced in 
comparison to the primary structure. It is evident from these Figures that 
the friction damper has the best performance among the dampers of this 
group. Among the metallic and viscoelastic dampers, metallic dampers 
show more displacement reduction ability than viscoelastic dampers. 

5. Conclusion 

In this paper, a total of ten 2D eight-story steel intermediate moment 
frames equipped with different kinds of dampers were studied (i.e., one 
frame with no damper, six with linear and nonlinear viscous dampers in 
three different arrangements, one with viscoelastic, one with friction, 
and one with a metallic damper). To investigate the seismic behavior of 
each system, nonlinear time history analyses were performed using 
eleven ground motion records in OpenSees software. The results based 
on the cases studied in this paper are presented and compared in three 
different part:  

1) In structures with viscous dampers that are designed and have 
different damping coefficients, C (i.e., resulting in similar damping 
ratios, ζ), it was demonstrated that the maximum roof displacement 
and maximum base shear of the structures are significantly reduced 

Fig. 21. The ratio of dissipated energy by dampers to input energy.  
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compared to the primary structure. Also, in these models, the seismic 
responses of the structures are almost equal, while the damping co-
efficients are different; this shows that in design for the same seismic 
performance level, the diagonal arrangement needs the highest 

damping coefficient, and the toggle arrangement needs the lowest 
damping coefficient. This sugguests that the use of toggle arrange-
ments is more economical, since providing a higher damping coffi-
cient is costly. 

Fig. 22. Displacement of the roof under Imperial Valley ground motion.  

Fig. 23. Base shear under Imperial Valley ground motion.  

Fig. 24. Maximum story drift ratio under Imperial Valley ground motion.  

Fig. 25. Maximum displacement in each story.  
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2) In structures equipped with viscous dampers having the same 
damping coefficient, C, in all arrangements, nonlinear dampers have 
a significantly better seismic performance compared to linear 
dampers. In addition, the effects of different viscous damper 

arrangements were studied. The results indicated that the toggle 
arrangement is more efficient than chevron, and chevron is more 
efficient than diagonal arrangement in terms of displacements, story 
drifts, base shears and dissipated energy. Also, by evaluating the 
force–displacement loops of viscous dampers, these results can be 
conferred: A) Nonlinear dampers have a bigger area of loops in 
comparison to linear dampers; this means they can dissipate more 
energy than linear dampers. B) Nonlinear dampers have a more 
stable behavior than linear dampers because their loops are in a 
smaller range of displacement and a bigger range of force. C) The 
toggle arrangement has the largest area under the force–displace-
ment loops and therefore, the farmes equipped with this arrange-
ment can achieve a higher seismic performance in comparison with 
the other arrangements. 

Fig. 26. Force-Displacement loops for different arrangements of viscous damper in the first story under Imperial Valley ground motion: (a) Linear dampers and (b) 
Nonlinear dampers. 

Table 7 
Seismic responses of metallic, friction, and viscoelastic dampers.  

model Maximum 
Displacement of 
roof (cm) 

Reduction of 
Displacement 
(%) 

Maximum 
Base Shear 
(kN) 

Reduction of 
Base Shear 
(%) 

Primary  24.5  – 805  – 
Metallic  15.0  38.7 760  5.6 
Friction  10.5  57.2 420  47.8 
Viscoelastic  18.0  26.5 620  23.3  

Fig. 27. Maximum story drift ratio under Imperial Valley ground motion.  
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3) Among the friction, metallic, and viscoelastic dampers, the friction 
damper dissipated a higher amount of energy compared o the other 
types of dampers and it had a larger influence on reducing the dis-
placements, story drifts, and base shear compared to the other types 
of dampers; this can be related to the rectangular hysteresis loops of 
the friction dampers, which have the largest area of hysteresis loops 
compared to the other cases. 

In summary, among the six different types of viscous dampers 
studied, the nonlinear viscous damper in toggle arrangement had the 
best seismic performance. Between all 10 configurations studied in this 
paper (i.e., viscous, viscoelastic, metallic, and friction dampers), the 
results showed that the use of the friction damper resulted in the best 
seismic performance in terms of reducing the seismic demands. Never-
theless, it was evident that regardless of the type of dampers used the 
seismic performance of the structures improved compared with the 
original structure, when dampers were used. It is noted that the con-
clusions made in this paper may be limited to the cases studied and 
general conclusions may not be made without further research. 
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