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Seismic behavior of a self-centering system with 2-4 viscous damper  

 
N. K. Hazaveh,1 J.G. Chase2, G.W. Rodgers3, S. Pampanin4, R. Kordani5  

 
Abstract: 

This research demonstrates the efficacy of a 2-4 viscous device in self-centering rocking 

structures, which are an emerging low damage seismic design approach in seismic zones. These 

systems have distinctly different dynamic response compared to the typically considered fixed 

base structures. In particular, they have bi-linear elastic response and, in this study, the results 

assess the relative impact of 2-4 devices versus typical viscous dampers and 1-3 viscous 

devices. Performance is assessed by maximum displacement (Sd), total base shear (Vb) and 

maximum acceleration (Sa) indicative of structural, foundation and contents damage. Results 

show simultaneous reductions of displacement, base-shear and acceleration demands are only 

available with the 2-4 viscous device. Finally, a simple method is proposed to incorporate 2-4 

viscous dampers into the design of self-centering systems using standard design approaches. 

Keywords: 2-4 viscous damper, reducing base shear, self-centering structures, design procedure, Re-shaping 
hysteretic structural response 
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1. INTRODUCTION 

In the last decade, rocking mechanisms and self-centering have become well known as a 

structurally efficient and robust technology for seismic-resistant buildings [Priestley, 1991, 

Marriott et al., 2008, Marriott et al., 2009, Kam et al., 2010, Sarti et al., 2015]. These rocking 

systems have different dynamic response to a fixed base structure, due to the different response 

regimes that exist before and after the onset of rocking. Furthermore, due to the absence of 

sacrificial damage to the structural frame, rocking systems typically have low inherent damping. 

Therefore, to achieve adequate energy dissipation capacity under seismic excitations, various 

alternative energy dissipation elements (hysteretic, viscous or visco-elasto-plastic) need to be 

added in series and/or in parallel to self-centering systems [Marriott et al., 2008, Kam et al., 

2010, Marriott et al., 2009, Rodgers et al., 2010, Mander et al., 2009, Rodgers et al., 2012].  

Among supplemental dissipation devices, viscous dampers have been widely used in rocking 

wall and post-tensioned rocking bridge piers to improve the seismic behavior of these self-

centering system, as shown in Figure 1 [Marriott et al., 2008, Kam et al., 2010, Marriott et al., 

2009]. Viscous dampers dissipate significant energy, but their reaction loads can increase 

foundation and overall base shear demands, reducing the ability to use them broadly in retrofit 

without significant added cost [Lin and Chopra, 2002, Hazaveh et al., 2016b, Filiatrault et al., 

2001, Miyamoto and Singh, 2002, Vargas and Bruneau, 2007, Kam et al., 2010, Kam et al., 

2008]. Thus, on the basis of a traditional performance-based seismic design and retrofit 

philosophy, designers are challenged by the difficult tradeoff between costs and acceptable 

damage (or targeted performance).  
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Figure 1. (a) experimental test of rocking wall with viscous damper [Marriott et al., 2008], (b) using viscous damper in pier of bridge 
[Marriott et al., 2008] ,(c) Decomposition of the transverse response of a post-tensioned bridge system with supplementary viscous 

[Marriott et al., 2008]. 

 

To address these issues, Hazaveh et al. [Hazaveh et al., 2016a, Hazaveh et al., 2016b, Hazaveh 

et al., 2015] introduced and examined two types of viscous dampers. Based on semi-active 

resettable stiffness devices [Mulligan et al., 2009, Rodgers et al., 2007] a 1-3 viscous damper 

provides resisting forces only in the first and third quadrants of the force-displacement plot. 

Similarly, a 2-4 viscous damper provides damping in the second and fourth quadrants. Spectral 

analysis shows typical viscous dampers increase the base shear of long period linear structures, 

typically greater than 2.7 sec [Hazaveh et al., 2016b]. However, adding a 2-4 viscous damper 

decreases base shear and displacement for all periods [Hazaveh et al., 2015, Hazaveh et al., 

2016b, Mulligan et al., 2009, Rodgers et al., 2007]. The 2-4 device also has the potential benefit 

that it does not provide added forces during uplift, which can help to limit the total compression 

force applied to the toe of the wall during uplift, potentially reducing toe crushing during uplift 

of reinforced concrete rocking walls, while damping the return motion and re-seating of the 

wall. 

However, the effect of the 2-4 viscous damper has only investigated on linear elastic structures 

[Hazaveh et al., 2015, Hazaveh et al., 2016b]. Therefore, there is a need to investigate the 

seismic behavior of self-centering system with these devices to validate this potential and 

growing area before application, including the need for design method to enable uptake. 

a) b) c) 
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Hazaveh et al. [Hazaveh et al., 2016b] also suggested a method to calculate the damping 

reduction factor of linear structures with a 2-4 viscous damper. However, the resulting design 

procedure only considered linear elastic structures, and thus does not necessarily generalize to 

other structural systems, particularly those considering ductility. Therefore, to enable more 

widespread application of 2-4 viscous dampers in self-centering systems, suitable design 

procedures are needed. This potential is further enhanced by recent development of 1-3 and 2-

4 viscous dampers that are entirely passive devices, and thus do not rely on complex semi-active 

control systems [Hazaveh et al., 2017]. 

This paper addresses these needs by evaluating the effect of typical, 1-3 and 2-4 viscous 

damping devices in self-centering SDOF rocking systems at a number of periods. The goal is to 

identify the range of potential reductions in displacement (structural demand), base shear 

(foundation demand) and acceleration (contents demand) with this type of device in comparison 

to a baseline case without supplemental damping. The analysis uses 60 earthquake ground 

motions from the SAC LA low, medium and high suites [Somerville and Venture, 1997]. The 

results would also indicate the distribution of possible reductions for ground motions with 

different probabilities of occurrence. Finally, this study uses these results to prepare a robust 

and simple design and analysis process to evaluate the effect of adding the 2-4 device to rocking 

structural systems that is a modified version of that linear system. 
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2. MODELING AND ANALYSIS METHODS  

This paper investigates the relative effectiveness of a traditional viscous damper, and the 1-3 

and 2-4 viscous dampers on the seismic response of self-centering SDOF structural systems. 

Figure 2, illustrates the overall expected impact of three types of viscous dampers on the bilinear 

elastic structural response. The enclosed area is the energy dissipated per cycle due to 

supplemental damping. The self-centering rocking behavior is modeled numerically with an 

idealized bi-linear elastic spring [Priestley and Tao, 1993]. 

 
Figure 2. Schematic hysteresis for a typical, 1-3, and 2-4 viscous damper device, Fb = total base shear, FS = base shear for undamped 

structure. Fb > FS indicates an increase due to the additional damping. 

 
The concept of force reduction factor (R) and ductility (μ), which are fundamental tools in 

current seismic design are shown in Figure 3. For the equal displacement approximation, 

considered in this research, the displacement ductility factor is equal to the force-reduction 

factor [Priestley et al., 2007]: 

𝜇𝜇 =
∆𝑚𝑚𝑚𝑚𝑚𝑚
∆𝑦𝑦

= 𝑅𝑅 =
𝐹𝐹𝑒𝑒𝑒𝑒
𝐹𝐹𝑅𝑅

                                                   (1) 

Typical viscous damper 
component 

1-3 viscous damper 
component 2-4 viscous damper 

component 
Fb > Fs 

Fs Fs 

Fs 

Fb > Fs Fb =< Fs 

Typical viscous damper 1-3 viscous damper 2-4 viscous damper  
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where Fel is the maximum force developed at peak displacement , Δmax, for a linear structure 

(labeled 1 in Figure 3) and FR is maximum force with force-reduction factor of R at yielding 

displacement Δy.(labeled 2 and 4 in Figure 3). 

 

 

  

Figure 3. Prototype self-cantering wall; (b) simple SDOF representation; (c) The equal displacement approximation, the structure 
(1) is linear structure and the structure (2) and (4) have bilinear behaviour with ductility of 2 and 4, respectively. 

 

In this study, bi-linear elastic structures with force design reduction factor (R) of 2.0 and 4.0, 

and period ranges of 0.5 to 4.5s were considered for analysis. The structures were considered to 

be in Wellington on site class C soil [NZS1170, 2004]. Structures were designed to have same 

displacement as the code-specified spectral displacement of the site. Moreover, as the equal 

displacement approximation was verified for the structure considered in period ranges based on 

the time history analysis, the R values does not change the target displacement design. Figure 4 

shows the basic design data for all 13 test cases covering this range of periods. The initial linear 

elastic stiffness is computed from the target period using a constant mass of 10000 kg. Elastic 

displacement is calculated from dividing the design displacement by the desired force reduction 

(R) factor. The SDOF systems are taken to represent a prototype self-centering wall (Figure 3.a-

b), designed to a drift of 2% and the post-rocking stiffness is defined as 1% of the initial elastic 

stiffness. The range of case-study structures using the same R and µ in design creates a collection 

 

 

R= 2

R= 4α.K=0.01K

 
 

  

M= 10 ton 

Δmax Δy,R=2 Δy,R=4 

Fo
rc

e 

Displacem
 

Fel 

FR=2 

FR=4 

R=1 
1 

2 

4 

(a) (b) (c) 



7 
 

of 26 cases (13 periods times 2 different R-factors) to act like a traditional spectral analysis 

approach. 

 

The model structures include inherent structural equivalent viscous damping of 5%. The 

damping constant, C, for each supplemental viscous damping device was determined based on 

a traditional viscous damper providing 15% equivalent viscous damping. Thus, based on Figure 

2, a 1-3 and 2-4 viscous damper will enclose approximately half the area of a traditional viscous 

damper. As such, the 1-3 and 2-4 devices will provide less equivalent viscous damping as they 

provide resistive forces for a smaller portion of the response cycle. The same C value is then 

used for all supplemental viscous devices.  

 

Period, 
T(sec) 

Design 
Displacement 

Sd(T)[mm] 

Acceleration 
design 

coefficient 
Cd(T) [g] 

0.1 2.9 1.17 
0.2 11.7 1.17 
0.3 26.1 1.17 
0.4 37.6 0.94 
0.5 49.7 0.80 
0.6 62.4 0.70 
0.7 75.7 0.63 
0.8 89.4 0.56 
0.9 103.6 0.51 
1 118.1 0.47 

1.5 196.3 0.36 
2 293.9 0.30 

2.5 406.7 0.26 
3 535.3 0.24 

3.5 582.6 0.19 
4 629.7 0.16 

4.5 653.4 0.13 
  

Figure 4. Elastic design displacement and acceleration spectra co-ordinates (5% damped), Z=0.4, soil C, Sp=1.0, D<2km [NZS1170, 
2004] and average displacement response spectrum of low ,medium and high suit. 

 
The analysis of each test structure utilizes 60 earthquakes from the 3 earthquake suites of the SAC 

project [Somerville and Venture, 1997]. Each suite is comprised of 10 different time histories with 

two orthogonal directions for each history. The 3 suites contain ground motions having 

probabilities of exceedance of 50%, 10% and 2% in 50 years in the Los Angeles region, denoted 

the low, medium and high suites, respectively. The median spectral displacement of the records 
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with a scale factor of unity is consistent with NZS1170.5 (2004) for Soil Type C Figure 4. The 

specific impact of near-fault events are not directly considered in this paper. However, the 

medium and high suites from the SAC project used in this research include several large near-

field events (e.g. Kobe and others), so these events are in the paper and part of the results. Thus, 

near field events are included but not specifically analysed as a subset. Using suites of ground 

motions, rather than a single individual event, eliminates the likelihood of erroneous conclusions 

due to variability in ground motions compared to structural dynamics. It is also allows risks of 

exceedance to be determined for specific probabilities of occurrence when comparing the impact 

of different devices or retrofits.  

 

Reduction factors (RFs) for structural displacement (Sd), base shear (Vb) and acceleration (Sa) 

demand are evaluated as a ratio to the baseline (no-device) case at the same level of R and 

structural period, for each ground motion. They specifically evaluate the range of potential 

reductions in response and associated risk of damage due to using these devices. These 

multiplicative RFs enable easy comparison of the different devices relative to the structural 

design case. Hence, the results can be applied to any sized structure, as they are only dependent 

on the device type, standard period, and damping of the device. 

 

RFs less than 1.0 indicate a reduction in the response metric, while RFs greater than 1.0 indicate 

an increase in response.  For each ground motion, RFs are determined, yielding 20 per suite. 

The median results is presented (50% risk), but any level could be chosen.  
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3. RESULTS AND DISCUSSION 

 

Figure 5 shows the median structural displacement (RFSd) and base shear (RFvb) reduction 

factors versus period for the 13 self-centering SDOF structures ( T=0.5- 4.5 sec) with R = 2.0 

and 4.0, as shown in Figure 4. RFSd is similar for R=2 and 4, but results differ significantly in 

all cases for RFvb. As expected, the typical viscous damper offers the greatest displacement 

reduction as it has the biggest area enclosed within the device hysteretic loop in Figure 2, but 

increases the overall base shear by the largest amount for almost all periods. 

 For example, for a period of 3.0 sec, RFvb ≈ 3.0 for the typical viscous device, indicating total 

base shear with the viscous damper is three times that of the uncontrolled (no device) case. 

Thus, while adding a viscous damper in linear structures increases base shear only for high 

periods above 2.7 sec [Hazaveh et al., 2016b], for bi-linear systems the base shear increases 

for almost all periods. Similarly, the 1-3 device has RFSd <1.0 and RFvb >1.0 for most periods. 

However, the 1-3 viscous device reduces displacement less than the 1-4 typical viscous damper 

as the area enclosed with the device hysteretic loop is approximately half the size, as shown in 

Figure 2. Only the low suite with R=2 offers reduced displacement with RFvb ≈1.0, all other 

cases trade off reduced displacement with increased base shear for typical viscous damping 

and a 1-3 device.  

In contrast, the 2-4 viscous device has RFSd <1.0 and RFvb <1.0 in almost all cases. The 

exception is some select results with RFvb >1.0, but by a much lesser amount than the 1-3 and 

typical viscous devices and only for the high-velocity excitations in the high suite ground 

motions. In these specific few cases, the damper resisting force in quadrants 2 and 4 exceeds 

the standard structural restoring forces in quadrants 1 and 3, resulting in an increase in the total 

base shear. For example, the total base shear of the structure with the period of 2.0 sec and R=4 
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under the LA38 earthquake with the 2-4 device increased for this reason, is illustrated in Figure 

6. Hence, the 2-4 device offers reduced displacement and reduced base shear in all cases for all 

but the largest near field events with lowest probability of occurrence. 

 

   

   

   

Figure 5. The median damping reduction factor of structural displacement, total base shear and acceleration of 
structures with periods 0.5 sec to 4.5 sec and R of 2.0 and 4.0 with three type viscous devices, with values of 5% 

additional damping under low, medium and high suite ground motion. 

 

Overall, the 2-4 viscous device provides RFsd and RFvb ≤ 1.0 at levels that are relatively 

constant across periods. The 2-4 viscous damper approach thus offers the minimum variability 

in median level risk and thus the greatest robustness across structural periods, to a level not 

available from the other two devices considered. More specifically, the 2-4 viscous damper 

offers minimal risk of increased foundation demand along with reduced displacement demands.      
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Figure 6. Force-displacement response of system with period of 2.0 sec and ductility 4 under Palos Verdes 

earthquake (LA38 , high Suite). 

 

In addition, all the results in Figure 5 show the total base shear of the structures with R=4.0 is 

greater than for R= 2.0 for all three types of viscous devices. This outcome can be explained 

by showing when any kind of viscous damper is added to the structure the RFvb for R=4.0 is 

greater than R=2.0 based on a short derivation: 

𝑅𝑅𝑅𝑅𝑣𝑣𝑣𝑣(𝑅𝑅=2) =
𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑅𝑅=2)

𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑅𝑅=2)
                                                     (2) 

with considering the small post tensioning ratio (1%) and the structural response is within the 

gap-opening regime (second section), the RFvb can be approximated as: 

𝑅𝑅𝑅𝑅𝑣𝑣𝑣𝑣(𝑅𝑅=2) =
𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑅𝑅=2)

𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑅𝑅=2)
 ≈

𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑅𝑅=2) + 𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑅𝑅=2)

                           (3) 

And from Figure 3 and the definition of force reduction factor, R: 

 𝐹𝐹(𝑅𝑅=4) ≈
1
2
𝐹𝐹(𝑅𝑅=2)                                                                  (4) 

The reduction factor for base shear for R=4.0 can be computed similarly to that for R=2 in 

Eq.3: 

𝑅𝑅𝑅𝑅𝑣𝑣𝑣𝑣(𝑅𝑅=2) =
𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑅𝑅=4)

𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑅𝑅=4)
 ≈

𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑅𝑅=4) + 𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑅𝑅=4)

                        (5) 

Reduction of 
displacement 

Increase of 
base shear 
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Eq.4 can be substituted into Eq.5 to find the relationship between the RF of base shear for R=2 

and 4: 

𝑅𝑅𝑅𝑅𝑣𝑣𝑣𝑣(𝑅𝑅=2) ≈
𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑅𝑅=2) + 𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑅𝑅=2)
 

 

𝑅𝑅𝑅𝑅𝑣𝑣𝑣𝑣(𝑅𝑅=4) ≈  
𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑅𝑅=2) + 2𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑅𝑅=2)  ⎭
⎪
⎬

⎪
⎫

𝑅𝑅𝑅𝑅𝑣𝑣𝑣𝑣(𝑅𝑅=2) < 𝑅𝑅𝑅𝑅𝑣𝑣𝑣𝑣(𝑅𝑅=4)             (6) 

 

The quantities used in Equations 2-6 and this outcome are illustrated graphically in Figure 7. 

              R=2                   R=4 

Figure 7. Force displacement of structures with R=2 and 4 and typical viscous damper 

 

The median reduction factors for acceleration (RFSa) results are also shown in Figure 5. Like 

those for total base shear, RFSa >1.0 for the 1-3 and typical viscous devices for most periods, 

and increase with structural period. However, RFSa <1.0 in most cases for the 2-4 device, 

providing further evidence of the efficiency of this approach. 

To show more detail, the RF for Sd, Vb, and Sa (RFSd, RFVb and RFSa) for the SDOF system 

with period 0.7 sec, with R= 2.0 and 4.0, are compared for all 3 devices and all 60 earthquakes 

in Figure 8. Figure 8 illustrates the tradeoffs in 3D of the different reduction factors. The box 

of RFSd = RFVb = RFSa = 1.0 indicates the boundary between increased and decreased responses 

and results inside the box are thus desirable. Table 1 shows the number of cases within the box 

F 

 

δ 

F without device (R=4) 

F with device (R=4) 

Fdevice 

F 

δ 

F without device (R=2) 

F with device (R=2) 

Fdevice 
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for each device summarizing all results for periods T=0.7, 1.0 and 1.5 seconds, by ground 

motion input suite. 

The results in Table 1 indicate that only 7, 6, 7 and 9, 3, 5 cases of 120 are inside the box for 

the typical viscous and 1-3 devices for T=0.7, 1.0 and 1.5 seconds, respectively. All of them 

are structures with R=2 under the low suite ground motion. In contrast, 111,81,86 of 120 cases 

for T=0.7, 1.0 and 1.5  are in the box for the 2-4 viscous damper and the others are from the 

much less likely to occure high suite. These results further support and quantify the outcomes 

presented. 
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Figure 8. 3d Medium high low R=2 and 4 at period T=0.7 sec. 
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Table 1. No of cases in the box of Figure 8 that shows cases that RF of all of Sd, Vb and Sa are less than 1.0 

Period 
(sec) Device type R=2 

60 Cases 
R=4 

60 Cases 
Total result 
120 cases 

 Viscous (1-4) 7 0 7 
0.7 1-3 9 0 9 

 2-4 57 54 111 
 Viscous (1-4) 6 0 6 
1 1-3 3 0 3 
 2-4 57 29 86 
 Viscous (1-4) 7 0 7 

1.5 1-3 5 0 5 
 2-4 56 25 81 

 

 

 

4. DESIGN AND ANALYSIS PROCEDURE  

 

In this section, a design and analysis procedure for rocking systems utilizing supplemental 2-4 

viscous damping devices is described. Hazaveh et al. [Hazaveh et al., 2016a, Hazaveh et al., 

2016b] suggested calculating the damping reduction factor of a structure with a 2-4 viscous 

damper by:  

⎩
⎪
⎨

⎪
⎧𝑅𝑅𝑅𝑅 = (0.048 (𝜉𝜉0 + 𝜉𝜉)−0.5 −  0.15) ∗ 𝑇𝑇+ 0.9                    𝑇𝑇 ≤ 2.7 𝑠𝑠𝑠𝑠𝑠𝑠  

 

𝑅𝑅𝑅𝑅 = �
0.07

0.02 + (𝜉𝜉0 + 𝜉𝜉)�
0.22

                                                       2.7 < 𝑇𝑇       
 

            (7) 

where ξ0 represents the inherent elastic damping and ξ is damping ratio provided by the 2-4 

viscous device.  Thus, for a targeted damping reduction factor RF, the required damping ratio 

for the device can be obtained by solving Eq.7, yielding [Hazaveh et al., 2016b]: 
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⎩
⎪
⎨

⎪
⎧𝜉𝜉 = �

0.048𝑇𝑇
𝑅𝑅𝑅𝑅 − 0.9 + 0.15 𝑇𝑇

�
2

− 0.05                                      𝑇𝑇 ≤ 2.7 𝑠𝑠𝑠𝑠𝑠𝑠        
         

 
𝜉𝜉 = �0.07 − 0.02 √𝑅𝑅𝑅𝑅0.22 � 𝑅𝑅𝑅𝑅−4.54                                       2.7 < 𝑇𝑇             

 

              (8 ) 

To use the Eq.7 and Eq.8 and reduce the number of variables of the rocking system, the system 

was simplified by representing the non-linear elastic post tensioned (PT) spring as an effective 

elastic spring with secant stiffness to the target displacement Δd   [Priestley, 1991, Priestley and 

Tao, 1993, Priestley et al., 2007, Marriott et al., 2008]. This approach is illustrated in Figure 9, 

where Keff is the effective elastic stiffness of the post tensioned spring, and defined in Eq.9. 

The non-linear elastic post tensioned spring has been replaced with an equivalent elastic spring 

of stiffness Keff, where the response of the viscous damper is not affected by the linearization 

of the PT spring. Keff is defined: 

𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 =
𝐾𝐾(1 + 𝑟𝑟𝑟𝑟)

𝜇𝜇
                                                             (9) 

where K, r and μ is the initial stiffness, the ratio of post-rocking stiffness and ductility, 

respectively. The period of system using Keff is thus defined: 

𝑇𝑇𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 = 2𝜋𝜋�
𝑚𝑚
𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒

                                                             (10) 
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Figure 9. a) Equivalent displacement approximation, b) Effective stiffness Keff 

 

The period Tkeff can be used in Eq.7 and 8 to find the damping reduction factor of the rocking 

system with the 2-4 viscous damper. Therefore, the damping reduction factor and required 

damping to obtain the desired RF for the rocking system can be computed: 

 

⎩
⎪
⎨

⎪
⎧𝑅𝑅𝑅𝑅 = (0.048 (𝜉𝜉0 + 𝜉𝜉)−0.5 −  0.15) ∗ 𝑇𝑇𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 + 0.9                    𝑇𝑇𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒  ≤ 2.7 𝑠𝑠𝑠𝑠𝑠𝑠  

 

𝑅𝑅𝑅𝑅 = �
0.07

0.02 + (𝜉𝜉0 + 𝜉𝜉)�
0.22

                                                                 2.7 < 𝑇𝑇𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒
 

            (11) 

⎩
⎪
⎨

⎪
⎧𝜉𝜉 = �

0.048𝑇𝑇
𝑅𝑅𝑅𝑅 − 0.9 + 0.15 𝑇𝑇𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒

�
2

− 0.05                                    𝑇𝑇𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 ≤ 2.7 𝑠𝑠𝑠𝑠𝑠𝑠        
         

 
𝜉𝜉 = �0.07 − 0.02 √𝑅𝑅𝑅𝑅0.22 � 𝑅𝑅𝑅𝑅−4.54                                                        2.7 < 𝑇𝑇𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒

 

              (12 ) 

 

Figure 10 provides a flowchart for calculating the RF of the bi-linear rocking system when a 

number, N, of 2-4 viscous dampers are added to the system. For example, three 2-4 viscous 

dampers, each with 5% added damping, are installed to a structure with period of 1.0 sec, 

125.66 kN/m stiffness, 1% the post-rocking stiffness and ductility 2.0. The effective stiffness 

and period is 63.46 kN/m (Eq.9) and 2.49 sec (Eq.10), respectively. These values give a 

K 

Fy 

μ. xy=Δd 

Keff 

rK 

xy 

Fu 
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reduction factor of 0.79 (Eq.11). The actual damping reduction factor from simulation, directly 

calculated, is about 0.80 which is well estimated by proposed method (Figure 5, 10).  

 

 

Figure 10. The flowchart for calculating the RF when the N 2-4 viscous dampers are added to the rocking 
system. 

 

Figure 11 shows the flowchart for calculating the required size and number of 2-4 viscous 

dampers to achieve a desired, pre-specified damping reduction factor (RF). For instance, 

assuming that a 0.70 displacement damping reduction factor (RFsd) is desired for a structure 

with T=2.0 sec, r=1%, K= 31.4 kN/m and μ=R=2 is desirable, then 33% (Eq.11) added damping 

Calculating Reduction Factor (RF),    Eq.4-11 
 

𝑅𝑅𝑅𝑅 = (0.048 (𝜉𝜉0 + 𝜉𝜉)−0.5 −  0.15) ∗ 𝑇𝑇𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒        𝑇𝑇𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 ≤ 2.7 𝑠𝑠𝑠𝑠𝑠𝑠  
 

𝑅𝑅𝑅𝑅 = �
0.07

0.02 + (𝜉𝜉𝑒𝑒𝑒𝑒 + 𝜉𝜉)�
0.22

                               2.7 < 𝑇𝑇𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒
 

 

(e.g.: RF=0.79) 

Calculating damping of devices 
ξ= ξ1 + ξ2 +….+ ξn 

(e.g.: ξ= 5*5%=25%) 

Adding N 2-4 viscous dampers in the rocking system 
(e.g.: three 2-4 devices with 5% damping, T=1 sec, r =1%, K= 125.66 kN/m , μ=R=2) 

 

Damping reduction factor determination for 2-4 viscous damper  

Calculating effective stiffness and period related to that 
𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐾𝐾(1+𝑟𝑟𝑟𝑟)

𝜇𝜇
                 Eq.4-9 

𝑇𝑇𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 = 2𝜋𝜋�
𝑚𝑚

𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒
                 Eq.4-10 

(e.g.: Keff = 63.4 kN/m  ,    TKeff = 2.49 sec) 
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is needed to have a RFsd= 0.7. Therefore, a device or devices with ξ=35% damping is 

conservatively needed, which could be two devices with 17.5% added damping or a single 

device with 35% added damping.  

 

Required 2-4 viscous devices to achieve a desirable RF 
 

 
 

Figure 11 . Flowchart to find out the required dampers to have a desirable damping Reduction Factor. 

 

 

 

Having desirable RF with using the 2-4 viscous 
devices 

(e.g.: RFξ= 0.7, T=2 sec, r =1%, K= 31.4 kN/m, μ=R=2) 
 

Calculating ξ 
 

⎩
⎪
⎨

⎪
⎧𝜉𝜉 = � 0.048𝑇𝑇

𝑅𝑅𝑅𝑅−0.9+0.15 𝑇𝑇𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒
�
2

− 0.05                       𝑇𝑇𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 ≤ 2.7 𝑠𝑠𝑠𝑠𝑠𝑠   
         

 
𝜉𝜉 = �0.07− 0.02 √𝑅𝑅𝑅𝑅0.22 � 𝑅𝑅𝑅𝑅−4.54                         2.7 < 𝑇𝑇𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒

 

               Eq.4-12 

(e.g.: ξ =33%) 

Calculating the number and damping of the 2-4 

viscous damper 

(e.g.: 2 devices with ξ=20%) 

Calculating effective stiffness and period related to that 
𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐾𝐾(1+𝑟𝑟𝑟𝑟)

𝜇𝜇
                 Eq.4-9 

𝑇𝑇𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 = 2𝜋𝜋�
𝑚𝑚

𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒
                 Eq.4-10 

(e.g.: Keff = 15.8 kN/m  ,    TKeff = 4.9 sec) 
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5. CONCLUSIONS 

 

This study presents the analysis of using a novel 2-4 viscous damping device to re-shape 

structural hysteretic behavior to improve the seismic behavior of rocking structures using 

supplemental damping. Maximum displacement (Sd), total base-shear (Vb) and acceleration 

(Sa) are calculated to determine the impact and efficiency of typical, 1-3 and 2-4 viscous 

damper on the seismic structural performance of bi-linear elastic rocking structures over a 

range of periods and ductility factors R=2 and 4. The main findings include:  

1. The base shear increases for almost all periods in rocking system with the typical 

viscous damper by up to 3.5 times for high periods while in linear elastic structures 

adding viscous damper increases base shear only for longer periods, typically greater 

than 2.7s. Hence, greaters supplemental damping can be added to linear structures than 

bi-linear cases without penalty of increased base shear. 

2. A 2-4 viscous damper can simultaneously reduce the values of displacement (Sd), base 

shear (Vb) and acceleration (Sa) in all period ranges for bi-linear elastic systems under 

low and medium suite ground motions. For few cases with the high-velocity excitations 

in the high suite ground motion, applying a 2-4 viscous damper increases the base shear 

slightly, but the values were not as significant as the base shear of the structures with 

typical and 1-3 viscous damper. Hence, 2-4 damping devices provide a robust 

alternative with minimal to no penalty. 

3. Displacement reduction factors, are similar for different design ductilities (R=2 and 4). 

However, base shear, RFvb, differs significantly in all cases for different ductility. In 

general, the total base shear and acceleration of the structures designed with higher 

ductility is greater than designed with lower ductility by approximately 50% for the 1-
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3 and typical viscous devices. However, RFvb for the 2-4 devices is less dependent on 

ductility and provides more stable and constant behavior over different periods. 

4. A simple method to determine the effect of the 2-4 device when added to new or 

existing bi-linear rocking systems and an overall design approach has been provided to 

enable more direct use of the results. 

5. Installation of the proposed devices would be the same as for a typical viscous damper 

with similar limitations incurred in ensuring effective brackets and connections to 

ensure optimal load transfer between the device and the structure. However, since 2-4 

viscous dampers can reduce displacement response without increasing base shear and 

floor accelerations, there is no added risk of increased foundation demand or damage, 

which could help minimize overall installation costs in comparison to typical viscous 

dampers and 1-3 viscous dampers, as seen in the results here. 

These results indicate the robustness of simple 2-4 viscous dampers that can effectively 

mitigate seismic response of the self-centering system, and reduce the demand on the 

foundation and risk to contents and non-structural components. 
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