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1. Introduction 
 

Contrary to previous design approaches which allow a 

controlled level of damage under earthquakes, there is a 

growing trend towards resilient and low-damage structures 

in recent years. Loo et al. (2014) proposed and tested a 

rocking timber shear wall with slip-friction dampers to 

minimize the damage and dissipate the seismic energy. 

They found that this concept can significantly reduce the 

damage and provide self-centering under small vertical 

loads. Yousef-beik et al. (2020) tested a damage-free brace 

which consists of a slip friction joint with self-centering 

ability. They observed that the proposed brace is susceptible 

to lateral buckling at the joint and tried to improve its 

performance by introducing two sliding tubes. 

In addition to various damage avoidance structural 

members, different resilient structural systems have been 

proposed. Kim and Seo (2004) proposed a design procedure 

for damage-tolerant frames with buckling-restrained braces 

(BRBs). In this system, the frames are hinged to prevent 

damage under seismic loads and the lateral resistance and 

seismic energy dissipation are provided by BRBs. 

Researchers such as Naeem and Kim (2018), Chao et al. 

(2019) developed seismic retrofit systems which have both 

energy dissipation and self-centering capability in order to 

reduce both seismic response and residual displacement. 

Manzo et al. (2021) proposed a resilient system for precast  
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reinforced concrete bridges which is composed of a deck 

and columns connected using tendons and washer springs. 

This system was proven to be highly resilient in a series of 

shaking table tests (Javidan et al. 2021a, 2021b). 

Various seismic energy dissipation devices have been 

developed such as BRBs (Kim et al. 2004, Park et al. 2012, 

Mohammadi et al. 2020), steel dampers (Kim et al. 2017, 

Mohammadi et al. 2019, Gorji Azandariani et al. 2020, 

Javidan et al. 2021a, 2021b), base isolation (Öncü-Davas 

and Alhan 2019a, 2019b), friction dampers (Javidan and 

Kim 2019, Yousef-beik et al. 2020a), and viscoelastic 

dampers (Xu 2009, Javidan and Kim 2020b, Xu et al. 

2020). Owing to easy manufacture and application, 

ductility, high strength, and stable hysteretic behavior, 

metallic seismic energy dissipation devices have gained an 

important position among different retrofit and vibration 

control techniques in recent years (Kim et al. 2004, Naeem 

and Kim 2019, Gorji Azandariani et al. 2021b). Javidan and 

Kim (2020a) proposed and tested a steel damper with a 

vertical installation scheme which resembles a steel column 

with reduced section at both ends to dissipate energy under 

lateral displacements. They tested a single-story reinforced 

concrete (RC) frame before and after retrofit using the 

proposed damper, and it was observed that the energy 

dissipation of the frame was increased twice after retrofit. 

Gorji Azandariani et al. (2020a) and Usefvand et al. (2021) 

studied steel ring dampers which can be installed using the 

brace and act as fuses to dissipate seismic energy. They 

conducted experimental tests which showed the efficiency 

of the proposed damper and validity of the derived 

formulas. 

Inspired by the steel fuses in the earlier research, a  
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ductile steel damper-brace is proposed in this study which 

can be used for low-damage frames. As depicted in Fig. 1, 

the proposed system is made of a steel brace with a 

designated fuse to dissipate seismic energy and have a 

controlled yield mechanism. The fuse, which acts as a 

damper, consists of several steel plates with reduced 

sections at center where the flexural plastic hinge is formed. 

The brace has an eccentricity which provides yielding for 

the fuse under lateral deformations. Therefore, the damper-

brace member is deemed to efficiently dissipate seismic 

energy without buckling or formation of tension field, once 

designed properly. Previously, Mokhtari et al. (2021) 

designed and tested a steel frame with crescent shaped 

braces (CSBs) under quasi static loads to enhance the 

performance of steel braces. These braces do not have a 

designated fuse and a tension field can be developed under 

lateral loads. The performance of the CSBs under tension 

are investigated in another study by Palermo et al. (2021). 

The structural behavior of the damper-brace proposed in 

this study is evaluated thoroughly using theoretical 

approaches focusing on the amplification of the fuse 

rotation. The hysteretic behavior for a specified ductility 

ratio and related parameters is derived and a detailed design 

procedure is proposed for a prescribed yield capacity and 

yield displacement. The accuracy of the theoretical 

formulas is verified using an analysis model constructed in 

a commercial software. The proposed damper-brace system 

can be implemented in a hinged frame as the main lateral 

resisting system to provide stiffness and energy dissipation 

under earthquakes. Such a system can remain elastic after 

earthquakes and the seismic energy is dissipated in the 

designated fuses. A displacement-based design method is  

 

 

provided and its application is shown using a case study 

structure. The seismic performance of the designed 

structure is evaluated using different analyses and the 

efficiency of the proposed system is validated. 

 

 

2. Theoretical formulation 
 

The theoretical formulas required for analysis modeling 

and design of the amplified damper-brace member are 

derived in this section. In addition to the amplification 

mechanism, formulations for the yield force and the 

stiffness of the proposed system are derived and used to 

establish the analysis model. These theoretical formulas are 

used to establish the macromodel of the damper-brace. 

 

2.1 Yield force of damper-brace member 
 

The proposed damper-brace installed in a single-story 

one-bay frame and its free-body diagram are depicted in 

Fig. 2. As the structural members are pin-connected, the 

lateral load-resisting capacity of the structure is only due to 

the damper-brace member. The yield force of the damper-

brace member 𝐹𝑦 can be obtained easily by considering a 

plastic hinge formed at the location of the flexural fuse and 

writing the moment equilibrium equation for one of the two 

bracing members. Since both ends of the damper-brace 

member are jointed, it can be considered as a two-force 

member with a resultant along the diagonal of the bay equal 

to √𝐹𝑦
2 + (𝐹𝑦

𝐻

𝐵
)2 where 𝐹𝑦 is the lateral yield force of the 

damper-brace member, 𝐻 is the story height, and 𝐵 is the 

 

Fig. 1 Configuration of the proposed system: (a) Details of the fuse; (b) installation scheme 

 

 

Fig. 2 Free-body diagram of the proposed damper-brace system for structural analysis 
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bay length. The yield force 𝐹𝑦 can be obtained by using the 

eccentricity of the fuse 𝑒 , the resultant force, and the 

moment equilibrium for the member AB about B: 

√𝐹𝑦
2 + (𝐹𝑦

𝐻

𝐵
)2 × 𝑒 = 𝑀𝑦 (1) 

where 𝑀𝑦 is the plastic moment of the fuse section. This 

equation can be rearranged into 

𝐹𝑦 =
𝐵

√𝐵2 + 𝐻2

𝑀𝑦

𝑒
 (2) 

where 
𝐵

√𝐵2+𝐻2
 is in fact cosine of the angle between the 

diagonal and the horizon. Following Fig. 2, let 𝐿1 and 𝐿2 

be the length of the bracing members AB and BC, and 𝜃1 

and 𝜃2  their angles with the vertical and horizontal 

directions, respectively. An alternative of the 

aforementioned equilibrium equation can be rewritten in 

terms of geometrical arrangement of the bracing member 

AB and the components as 

𝑀𝑦 = 𝐹𝑦 cos 𝜃1𝐿1 − 𝐹𝑦𝐻/𝐵 sin 𝜃1𝐿1 (3) 

By substituting the following relationships 

{
𝐵 = 𝐿1𝑠𝑖𝑛𝜃1 + 𝐿2𝑐𝑜𝑠𝜃2
𝐻 = 𝐿1𝑐𝑜𝑠𝜃1 + 𝐿2𝑠𝑖𝑛𝜃2

 (4) 

and rearranging Eq. (3), the yield force of the system can be 

alternatively determined by 

𝐹𝑦 =
𝐵𝑀𝑦

𝐿1𝐿2cos(𝜃1 + 𝜃2)
=
𝑀𝑦(𝐿1𝑠𝑖𝑛𝜃1 + 𝐿2𝑐𝑜𝑠𝜃2)

𝐿1𝐿2cos(𝜃1 + 𝜃2)
 (5) 

The fuse section is depicted in detail in Fig. 3, and 

accordingly the plastic moment 𝑀𝑦 is 

𝑀𝑦 = 𝑛
𝑡𝑤3

2

4
𝜎𝑦 (6) 

where 𝑛 is the number of steel plates in the fuse, 𝑡 is the 

plate thickness, 𝑤3  is the width of the plates at plastic 

hinge region, and 𝜎𝑦 is the yield strength of steel. 

 

2.2 Amplification factor of the damper-brace 
 

The amplification factor 𝛼 is defined as the ratio of the 

plastic fuse rotation to the interstory drift ratio which is 

approximately the chord rotation of the columns. The 

amplification factor can be found using the virtual work 

principle by considering the energy balance between the 

external work and the energy absorption at the plastic hinge. 

As the rotation of the plastic hinge is unknown, it is 

considered equal to 𝛼𝜃 where 𝜃 is a small change in the 

interstory drift ratio when the mechanism forms. Hence, the 

virtual work equation can be expressed as 

𝐹𝑦∆= 𝑀𝑦𝛼𝜃 (7) 

where ∆  is an arbitrary lateral deformation at the 

mechanism state. By substituting the yield force 𝐹𝑦 and the 

displacement ∆= 𝐻𝜃, the amplification factor for plastic 

rotation is determined as 

𝛼 =
𝐵𝐻

𝑒√𝐵2 + 𝐻2
 (8) 

or using the geometrical dimensions of the bracing 

members: 

𝛼 =
𝐹𝑦𝐻

𝑀𝑦

=
𝐵𝐻

𝐿1𝐿2 𝑐𝑜𝑠(𝜃1 + 𝜃2)

=
(𝐿1𝑐𝑜𝑠𝜃1 + 𝐿2𝑠𝑖𝑛𝜃2)(𝐿1𝑠𝑖𝑛𝜃1 + 𝐿2𝑐𝑜𝑠𝜃2)

𝐿1𝐿2 𝑐𝑜𝑠(𝜃1 + 𝜃2)
 

(9) 

Both of these equations show that the amplification and 

in turn the yield force can be maximized when the 

eccentricity is as small as possible. However, when the 

eccentricity is very small, the tension field will be 

developed in the fuse when the damper-brace is subjected to 

tension, which can disrupt the expected energy dissipation 

and hysteretic behavior. On the other hand, it can be 

difficult to design bracing connections for larger 

eccentricities. 

By considering ideal pinned condition, shear story 

behavior, rigid behavior of elements, and neglecting the 

dimensions of the rigid offsets as shown Fig. 2, the lateral 

displacement corresponding to the onset of tension field 

development in the damper-brace system can be obtained as 

𝑡𝑎𝑛−1(
√(𝐿1 + 𝐿2)

2 − 𝐻2 − 𝐵

𝐻
) (10) 

When there is no eccentricity, the length of the brace 

𝐿1 + 𝐿2  is equal to √𝐵2 + 𝐻2  and the aforementioned 

equation shows that the bracing will be under tension from 

the beginning in that condition. Since this formula is based 

on the rigid-body behavior of the elements and geometry 

only, the obtained displacement is smaller than the accurate 

displacement and deformation of the elements. Thus, using 

the aforementioned formula to maximize the amplification 

factor while constraining the onset of the tension field to a 

desired displacement will produce result on the safe side. In 

order to find the minimum eccentricity to maximize the 

amplification, let’s assume that 𝜃𝑡 is a threshold at which 

the tension field starts to develop. Therefore, the length of 

bracing members should satisfy 

𝑡𝑎𝑛−1(
√(𝐿1 + 𝐿2)

2 − 𝐻2 −𝐵

𝐻
) ≥ 𝜃𝑡 (11) 

so that the tension field is developed after the target 

performance point is reached and the damper dissipates the 

seismic energy properly. By assuming that 𝐿1 and 𝐿2 are 

equal to simplify this optimization and derive a closed-form 

solution, the eccentricity will be equal to 𝑒 =

√𝐿1
2 − 0.25(𝐵2 +𝐻2) . Hence, the aforementioned 

constraint for small lateral deformations leads to 

𝑒 ≥ 0.5√(𝐻𝜃𝑡 + 𝐵)2 − 𝐵2 (12) 

which gives the smallest eccentricity for the highest 

amplification of plastic rotation when 𝐿1 and 𝐿2 are equal 

and the tension field constraint is applied. 

 

2.3 Lateral stiffness of the proposed system 
 
The lateral load applied to the proposed system are 

resisted by the damper-brace members and the relationship 

can be formulated using the elastic analysis of the free-body 

diagram in Fig. 2. At the mechanism state, the moment \ 
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Fig. 3 Geometrical dimensions of the fuse 

 

 

Fig. 4 General hysteretic behavior of the proposed damper-

brace system 

 

 

function from node A to C along the braces and the fuse is 

equal to 

𝑀(𝑥) = {
𝑀𝑦𝑥/𝐿1 0 ≤ 𝑥 ≤ 𝐿1

𝑀𝑦(𝐿1 + 𝐿2 − 𝑥)/𝐿2 𝐿1 ≤ 𝑥 ≤ 𝐿1 + 𝐿2
 (13) 

The lateral yield displacement can be calculated by 

applying a virtual unit horizontal load and calculating the 

virtual internal work as 

𝛥𝑦 = ∫
𝑀𝑣𝑀

𝐸𝐼(𝑥)
𝑑𝑥

𝐿1+𝐿2

0

 (14) 

where 𝑀𝑣 is the virtual moment along the damper-brace 

member under the virtual unit horizontal load, 𝐸 is the 

elastic modulus, and 𝐼(𝑥) is moment of inertia along the 

damper-brace system. By using the aforementioned moment 

diagram, the virtual moment function 𝑀𝑣 can be written as 

𝑀𝑣(𝑥) = 

{
𝐿2𝑐𝑜𝑠(𝜃1 + 𝜃2)𝑥/𝐵 0 ≤ 𝑥 ≤ 𝐿1

𝐿1𝑐𝑜𝑠(𝜃1 + 𝜃2)(𝐿1 + 𝐿2 − 𝑥)/𝐵 𝐿1 ≤ 𝑥 ≤ 𝐿1 + 𝐿2
 

(15) 

The moment of inertia in the denominator of Eq. 14 is a 

cubic function for the tapered fuse section and all the 

functions are also piecewise which in turn makes it hard to 

solve the integral and find a closed-form solution. In order 

to simplify the aforementioned integral, the average 

moment of inertia 𝐼 ̅ is considered for the fuse section, and 

then the moment of inertia along the damper-brace member 

is 

𝐼(𝑥) = {

𝐼𝑏 0 ≤ 𝑥 ≤ 𝐿1 − 𝑙

𝐼 ̅ 𝐿1 − 𝑙 ≤ 𝑥 ≤ 𝐿1 + 𝑙
𝐼𝑏 𝐿1 + 𝑙 ≤ 𝑥 ≤ 𝐿1 + 𝐿2

 (16) 

where 𝐼𝑏  is the moment of inertia of the braces and 𝑙 is 

the length of the tapered fuse section as shown in Fig. 3. 

The average moment of inertia for the fuse section is 

calculated as, 

𝐼 ̅ = 𝑛
1

12
𝑡(
𝑤1 +𝑤2

2
)3 (17) 

where 𝑤1 is the larger width of the fuse section as shown 

in Fig. 3 and 𝑤2 is the smaller width of the plate. By 

calculating the piecewise integral, substituting the known 

parameters, and simplifying the formula, the yield 

displacement can be obtained as 

𝛥𝑦 = ∫
𝑀𝑀1𝑑𝑥

𝐸𝐼

𝐿1+𝐿2
0

= ∫
𝑀𝑦𝐿2 𝑐𝑜𝑠(𝜃1+𝜃2)𝑥

2𝑑𝑥

𝐿1𝐵𝐸𝐼𝑏

𝐿1−𝑙

0
+

∫
𝑀𝑦𝐿2 𝑐𝑜𝑠(𝜃1+𝜃2)𝑥

2𝑑𝑥

𝐿1𝐵𝐸𝐼̅

𝐿1
𝐿1−𝑙

  

+∫
𝑀𝑦𝐿1 𝑐𝑜𝑠(𝜃1+𝜃2)(𝐿1+𝐿2−𝑥)

2𝑑𝑥

𝐵𝐿2𝐸𝐼̅

𝐿1+𝑙

𝐿1
+

∫
𝑀𝑦𝐿1 𝑐𝑜𝑠(𝜃1+𝜃2)(𝐿1+𝐿2−𝑥)

2𝑑𝑥

𝐵𝐿2𝐸𝐼𝑏

𝐿2
𝐿1+𝑙

  

= 𝐹𝑦 ×
𝑐𝑜𝑠2(𝜃1 + 𝜃2)

3𝐵2𝐸
[(
1

𝐼𝑏
−
1

𝐼̅
) (𝐿2

2(𝐿1 − 𝑙)3 + 𝐿1
2(𝐿2 − 𝑙)3)

+
𝐿1
2𝐿2

2(𝐿1 + 𝐿2)

𝐼 ̅
] 

(18) 

where the expression multiplied by 𝐹𝑦 is the reciprocal of 

elastic stiffness 1 𝑘𝑒⁄ . 

 

2.4 Post-yield stiffness 
 

Unlike ordinary metallic dampers with negligible post-

yield stiffness, the proposed system shows geometrical 

nonlinearity under large deformations. It is difficult to find 

a closed-form solution for the post-yield stiffness, since it 

depends on the deformations of bracing members, the 

deformation rates of the frame and the damper. Thus, in this 

study the post-yield stiffness is derived using the 

aforementioned formulas in a numerical way. 

After a small lateral displacement, the eccentricity 

decreases and based on the Pythagorean theorem the 

updated diagonal of the frame is equal to 

𝛿 = √𝐿1
2 − (𝑒 − 휀)2 +√𝐿2

2 − (𝑒 − 휀)2 (19) 

 

Fig. 4 General hysteretic behavior of the proposed damper-

brace system 

 

 

where 휀 is an infinitesimal change in the eccentricity. The 

corresponding lateral displacement considering the rigid-

body deformation of the brace is 

√𝛿2 −𝐻2 − 𝐵 (20) 

Based on Eq. (2), the associated increase in the lateral 

force with the updated geometry is equal to 

𝑀𝑦𝑐𝑜𝑠(𝑠𝑖𝑛
−1(𝐻/𝛿))

(𝑒 − 휀)
− 𝐹𝑦 (21) 

Therefore, the post-yield stiffness is the change of the 

lateral force with respect to the lateral displacement, which 

is equal to 
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𝑘𝑝 = 𝑙𝑖𝑚
𝜀→0

(
𝑀𝑦𝑐𝑜𝑠(𝑠𝑖𝑛

−1(𝐻/𝛿))

(𝑒 − 휀)
− 𝐹𝑦)/(√𝛿

2 − 𝐻2 −𝐵) (22) 

It is shown that this post-yield stiffness is quite accurate 

up to the onset of the tension field calculated from Eq. (11). 

The post-yield stiffness normalized by the elastic stiffness is 

called the post-yield stiffness ratio 𝑟 = 𝑘𝑝 𝑘𝑒⁄  and is later 

used in the provided design procedures. The post-yield 

stiffness ratio under lateral loads in the opposite direction, 

in which the braces are subjected to compression, is the 

same but with a negative sign. When the braces are under 

compression, the eccentricity increases and the lateral 

resistance is reduced which in turn leads to an unsimilar 

post-yield behavior in positive and negative directions. 

 

2.5 Hysteretic behavior and energy dissipation 
 

The general hysteretic behavior of the damper-brace 

member is depicted in Fig. 4. The maximum displacement 

is denoted by 𝜇𝛥𝑦 where 𝜇 is the ductility ratio. As noted 

earlier, the post-yield behavior is different in the opposite 

directions due to the increase and decrease in the 

eccentricity in negative and positive directions, respectively. 

This leads to an unsymmetric hysteretic behavior in tension 

and compression. Nevertheless, the absolute values are the 

same and are equal to 𝑘𝑝 = 𝑟𝑘𝑒  while the stiffness of the 

unloading branches is the same as the elastic stiffness 𝑘𝑒. 

The turning points in the reloading branches are 

determined by obtaining the equations of the lines and 

finding their intersections. The area inside of each cycle 

𝑊𝐷 shows the energy dissipated by the damper and is an 

important measure for performance-based design. Having 

the coordinates of the vertices, the area inside of a cycle is 

determined as 

 

 

 

𝑊𝐷 = 4𝑘𝑒∆𝑦
2(𝜇 − 1)(1 − 𝜇𝑟2)/(1 − 𝑟2) (23) 

where 𝜇 is the corresponding ductility ratio. 

According to ASCE 41-13 (ASCE 2013), the effective 

stiffness 𝑘𝑒𝑓𝑓  corresponding to each cycle of deformation 

is the ratio between the averages of the absolute maximum 

forces and the corresponding maximum displacements in 

the positive and negative directions. Based on the hysteresis 

curve in Fig. 4, the effective stiffness can be calculated as 

𝑘𝑒𝑓𝑓 = 𝑘𝑒 𝜇⁄  (24) 

and the equivalent viscous damping for the related cycle of 

deformation is obtained as (ASCE 2013) 

휁𝑒𝑓𝑓 =
1

2𝜋

𝑊𝐷

𝑘𝑒𝑓𝑓(𝜇∆𝑦)
2
=
2(𝜇 − 1)(1 − 𝜇𝑟2)

𝜋𝜇(1 − 𝑟2)
 (25) 

The post-yield stiffness ratio 𝑟 is small and since its 

square is used, 𝑟2  can be practically neglected and 

considered equal to zero for approximations. In that case, 

the aforementioned formula for the effective damping ratio 

will be the same as the one mentioned by Kim and Seo 

(Kim and Seo 2004) for BRBs and steel hysteretic dampers. 

 

 
3. Performance Based Design Procedure 
 

3.1 Damper-brace design and verification 
 

Based on the derived theoretical formulation, the 

damper-brace members can be easily designed for a 

prescribed yield capacity 𝐹𝑦 , elastic stiffness 𝑘𝑒 , and 

threshold drift 𝜃𝑡 following the flowchart shown in Fig. 5. 

By using the geometries of the bay and the threshold drift, 

the minimum eccentricity to maximize the amplification  

Table 1 Geometrical and structural details of the designed damper-braces 

No. 

Given data 

𝐵 

(mm) 
𝐻 

(mm) 
𝐹𝑦 (kN) 

𝛥𝑦 

(mm) 
𝜃𝑡 

(rad) 

1 
6000 4000 

50 30 
0.04 

2 100 20 

No. 

Designed structural details 

𝑒 𝛼 
𝜎𝑦 

(MPa) 
n 

𝑡 
(mm) 

𝑤1 

(mm) 
𝑤2&𝑤3 

(mm) 
𝑙 

(mm) 
𝐿1 

(mm) 
𝐿2 

(mm) 
𝐸 

(MPa) 
𝐼𝑏  

(mm4) 
𝑟 =

𝑘𝑝
𝑘𝑒

 

(%) 

1 
697 4.8 300 

5 20 150 75 
150 

3672 3672 
2.1 × 105 

1.463 × 107 9.2 

2 4 20 200 120 2273 5096 4.585 × 107 5.3 

 

Fig. 5 Optimal design procedure of damper-brace member for a prescribed capacity and stiffness 
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Fig. 6 Analysis model of the damper-brace in SAP2000 

 

 

can be obtained from Eq. (11). Having the eccentricity 

obtained, the required plastic moment of the fuse can be 

determined and the steel plates in the fuse can be designed. 

The length of the braces can be chosen as preferred and the 

brace section is selected in such a way that the overall 

stiffness of the damper-brace member is equal to the 

prescribed value of 𝑘𝑒. 

In order to show the accuracy of the derived formulas 

and applicability of the design procedure, two units of 

damper-brace members are designed and their mechanical 

behavior is investigated in detail. A story height of 𝐻 =
4000mm  and a bay length of  𝐵 = 6000mm  are 

assumed and 𝜃𝑡 = 0.04rad is considered for the threshold 

drift. The damper-braces are designed for arbitrary 

capacities of 50kN and 100kN with yield displacements 

of 30mm and 20mm, respectively. By using the 

provided design procedure, the geometrical and structural 

details of the two designed damper-brace units are obtained 

from available sections and summarized in Table 1. The 

yield strength and elastic modulus of steel are 𝜎𝑦 =

300MPa and 𝐸 = 2.1 × 105MPa, respectively, and the 

brace sections are 160mm × 160mm × 6.0mm and 

200mm × 200mm × 10.0mm steel hollow sections for 

the 50kN and 100kN capacity damper-brace units, 

respectively. It might be hard to reach the exact values of 

the prescribed yield force and displacement, using the 

practically available cross-sectional dimensions. However, 

it is shown that the proposed system is versatile in terms of 

structural design and the behavior of the designed damper-

brace units are as expected. The yield displacement in 

BRBs is only function of steel properties and the length of 

the brace and its stiffness cannot be changed for a 

prescribed yield capacity. On the contrary, the proposed 

damper-brace system can be easily designed for a specified 

behavior which gives a great advantage over other types 

of dampers. 

The damper-brace members are modeled as illustrated in 

Fig. 6 using the SAP2000 software (CSI 2017) and their 

performance and hysteretic behavior are evaluated in detail 

and compared with the theoretical formulations. Both 

damper and braces are modeled using the elastic frame 

element and the non-prismatic section is utilized to model 

the reduced fuses sections. The hinge at the fuse is modeled 

using the translational body constraint and the lumped 

plasticity approach is implemented using a rotational 

multilinear plastic link element with the kinematic 

hardening. The translational components of the multilinear  

 

Fig. 7 Applied loading protocol 

 

 

plastic link are fixed, while a bilinear elastic-perfectly 

plastic backbone curve is defined for its third rotational 

component. Using the designed dimensions summarized in 

Table 1, the yield moments of the fuse sections are 

calculated from Eq. (6). Since the elastic displacement and 

stiffness is due to the frame elements, not the rotational 

spring element, an infinitesimally small number is 

considered for the yield rotation of the spring. 

A simple support restraint is considered for the 

boundary conditions while the upper support is subjected to 

a lateral displacement-based cyclic load following ASCE 

41-13 (2013). The loading protocol is composed of 10, 5, 

and 3 fully reversed cycles corresponding to 0.25, 0.5, and 

1.0 times the device displacement under Basic Safety 

Earthquake-2 (BSE-2X) which is consistent with the 

Maximum Considered Earthquake (MCE) level. The 

loading protocol for the target interstory drift ratio of 2%, 

shown in Fig. 7, is applied to the damper-brace members, 

and the hysteresis curves are obtained and graphically 

compared with the theoretical values in Fig. 8. 

The analytical and theoretical hysteresis curves can be 

compared and contrasted in terms of elastic and post-yield 

stiffness, yield force and yield displacement in positive and 

negative directions, and the equivalent viscous damping 

ratio. The important factors for structural behavior are 

quantitively listed and compared in Table 2. The analytical 

results from SAP2000 are processed and the yield force and 

displacement, and post yield stiffness in positive and 

negative directions are averaged and reported. It is observed 

that the elastic stiffness and the post-yield stiffness are in 

very close agreement. Overall, it should be taken into 

consideration that the yield displacement is assumed to be 

small and the geometrical nonlinearity in the eccentricity is 

considered after yielding. Therefore, the hysteresis curves 

of the 100kN damper-brace with the smaller yield 

displacement of 20mm match better compared to those of 

the 50kN damper-brace with the yield displacement of 

30mm. Similar to conventional steel dampers, the stiffness 

of the unloading branches is assumed to be the same as the 

elastic part in the theoretical formulation, while under larger 

displacements, the analytical unloading stiffness slightly 

deviates due to the complex geometrical nonlinearity. Over 

all, it is observed that the proposed damper-brace system 

can be designed for a desired performance and its structural 

behavior can be explained with a high precision using the 

derived theoretical formulas. Finally, it is worthwhile 

mentioning that, no matter how little, macromodels and 

detailed finite element analyses inevitably have some errors  
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due to simplifications as stated in previous studies (Usefit et 

al. 2018). 

 

3.2 Displacement-based design of multi-story 
structures 

 
In this study, the direct displacement-based design 

procedure explained by Priestley (Priestley 2002) is 

employed with slight modifications to make it suitable for 

the proposed system. The design procedure elaborated here 

seeks several objectives under a given earthquake hazard: 

(1) The maximum top displacement is equal to the specified 

target displacement; (2) all maximum interstory drift ratios 

are the same at the target displacement, thus the same 

damage level is incurred by all stories; (3) all stories yield 

concurrently in pushover analysis. 

Having considered the aforementioned objectives, all 

stories have the same yield interstory drift ratio and the  

damage within the given limit state is also equally 

distributed between the stories. The procedure is very 

simple and starts by specifying the yield and target 

maximum interstory drift ratios, 𝜃𝑦 and 𝜃𝑚, respectively.  

The displacement of the 𝑖th story for low-rise structures  

 

 

from the nonlinear time history analysis can be 

approximated as 

𝐷𝑖 = 𝜃𝑚ℎ𝑖 (26) 

where ℎ𝑖  is the height to the 𝑖 th story. This equation 

guarantees the first and the second design objectives. The 

third condition can be easily satisfied by designing the yield 

shear force of each story based on the force distribution in 

pushover analysis. In order to obtain the design base shear, 

the multi-degree-of-freedom (MDOF) structure is 

transformed into an equivalent single-degree-of-freedom 

(SDOF) system with the effective mass participating in the 

first mode 

𝑚𝑒 =
(∑ 𝑚𝑖𝐷𝑖

𝑛
𝑖=1 )2

∑ 𝑚𝑖𝐷𝑖
2𝑛

𝑖=1

 (27) 

where 𝑚𝑖  is the mass of the 𝑖 th story. The story 

displacements at the target displacement are transformed to 

get the maximum displacement for the SDOF by 

𝐷𝑚 =
∑ 𝑚𝑖𝐷𝑖

2𝑛
𝑖=1

∑ 𝑚𝑖𝐷𝑖
𝑛
𝑖=1

 (28) 

 

Fig. 8 Comparison of analytical and theoretical hysteresis behaviors: (a) 50kN damper-brace; (b) 100kN damper-brace 

 

 

Fig. 9 Direct displacement-based design procedure implemented 

 

Table 2 Comparison of analytical and theoretical analyses 

No. 

Analytical Theoretical 

Δ𝑦,𝑎𝑣𝑒 

(mm) 

𝐹𝑦,𝑎𝑣𝑒 

(kN) 

𝑘𝑝,𝑎𝑣𝑒 

(kN/mm) 
𝜇 

𝑘𝑒𝑓𝑓 

(kN/mm) 

휁𝑒𝑓𝑓 

(%) 

Δ𝑦 

(mm) 

𝐹𝑦 

(kN) 

𝑘𝑝 

(kN/mm) 
𝜇 

𝑘𝑒𝑓𝑓 

(kN/mm) 

휁𝑒𝑓𝑓 

(%) 

1 31.8 51.3 0.18 
1.3 1.26 12.8 

29.2 50.3 0.16 
1.4 1.26 17.1 

2.5 0.67 36.3 2.7 0.63 39.8 

2 21.7 103.5 0.27 
1.8 2.59 28.3 

19.9 103.1 0.27 
2.0 2.58 31.8 

3.7 1.30 45.9 4.0 1.29 47.4 
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The yield displacement of the equivalent SDOF system 𝐷𝑦  

can be also obtained similarly, considering 𝜃𝑦 in Eq. (26) 

and Eq. (28). 

Having the yield and maximum displacements obtained, 

the ductility ratio and in turn effective damping ratio can be 

estimated using Eq. (25) and approximating 𝑟2 equal to 

zero. At the next step, the displacement response spectrum 

should be generated from the acceleration response 

spectrum as 

𝐷(𝑇,𝜁𝑒𝑓𝑓) = 𝑆(𝑇,𝜁𝑒𝑓𝑓)𝑔𝑇
2/(4𝜋2) (29) 

where 𝐷(𝑇,𝜁𝑒𝑓𝑓) and 𝑆(𝑇,𝜁𝑒𝑓𝑓) are the spectral displacement 

and acceleration at period 𝑇 with the effective damping 

ratio of 휁𝑒𝑓𝑓 . The adjusted spectral acceleration for the 

damping can be obtained using the response spectrum and 

the equation provided by ASCE 41-13 (ASCE 2013), 

𝑆(𝑇,𝜁) = 𝑆(𝑇,5%)(5.6 − 𝑙𝑛(100휁))/4 (30) 

where 𝑆(𝑇,5%) is the 5% damping spectral acceleration at 

period 𝑇. The similar equation with a slight difference is 

suggested in other references (CEN 2005; Priestley 2002). 

The effective period 𝑇𝑒𝑓𝑓  at the maximum displacement 

𝐷𝑚  can be determined from the displacement response 

spectrum with the effective damping ratio. The design base 

shear 𝑉𝑢 is obtained using the effective stiffness 𝑘𝑒𝑓𝑓  at 

the maximum displacement as 

 

 

 

𝑘𝑒𝑓𝑓 = 4𝜋2𝑚𝑒 𝑇𝑒𝑓𝑓
2⁄  (31) 

𝑉𝑢 = 𝑘𝑒𝑓𝑓𝐷𝑚 (32) 

This procedure is shown graphically in Fig. 9. The 

calculated base shear is distributed to stories based on the 

story mass and displacement 

𝑉𝑖 = 𝑉𝑢(𝑚𝑖𝐷𝑖)/∑(𝑚𝑗𝐷𝑗)

𝑛

𝑗=1

 (33) 

In order to design the damper-brace, the yield 

displacement and the yield force should be known. As 

mentioned earlier, the yield drift ratio 𝜃𝑦 is specified for 

the performance-based design and it is required to obtain 

the ductility and in turn determine the effective damping 

ratio. By using the yield drift ratio and the story height, the 

yield interstory drift 𝛥𝑦  can be obtained. The yield 

capacity of the damper-brace at the 𝑖th story is also equal 

to the story shear ∑ 𝑉𝑗
𝑛
𝑗=𝑖 . 

By applying the aforementioned procedure, all stories 

yield simultaneously with the same yield interstory drift 

ratio, and therefore, the elastic displacement for the 

functional performance can be specified. The maximum 

interstory drift ratio at all stories is expected to be as 

prescribed and the damage is distributed evenly along the 

stories. 

 

Fig. 10 Plan and elevation of the structure used for the application of the proposed damper-braces 

Table 3 Geometrical details and structural behavior of damper-brace members designed for the example structure 

Direction 
𝑒 

(mm) 
𝐿1 = 𝐿2 

(mm) 
𝑤1 

(mm) 
Story Brace cross section 𝑛 

𝑡 
(mm) 

𝑤2 = 𝑤3 

(mm) 
∆𝑦 

(mm) 

𝐹𝑦 

(kN) 
𝑟 

(%) 

x 549 2844 200 

1 180×180×7.1 4 10 200 16.2 93.3 6.2 

2 180×180×6.0 4 10 120 16.3 79.3 6.2 

3 160×160×7.1 5 10 120 16.2 63.4 6.2 

4 140×140×5.6 5 14 110 16.2 35.7 6.2 

y 707 4157 200 

1 260×260×6.0 5 10 100 16.0 117.5 6.0 

2 220×220×10 6 10 120 16.1 111.9 6.1 

3 200×200×10 4 20 120 16.3 83.9 6.2 

4 200×200×5.0 6 14 120 16.7 48.6 6.3 
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Fig. 11 Acceleration and displacement response spectra for 

MCE level and demand spectra using equivalent damping 

ratio of 휁𝑒𝑓𝑓 = 47.7% 

 

 

4. Illustrative design of a multi-story structure 
 

4.1 Structural details 
 

The example structure is a four-story school building 

located at a site in Korea. The spectral accelerations at short 

periods and at 1s period are respectively 𝑆𝑀𝑆 = 0.75g 

and 𝑆𝑀1 = 0.43g  for the Maximum Considered 

Earthquake (MCE) hazard level with 2% exceedance 

probability in 50 years. The dead load is 4.5 kN m2⁄  and 

the live loads are 3.0 kN m2⁄  and 5.0 kN m2⁄  for the 

classrooms and the corridor, respectively. The plan and 

elevation layouts of the structure are shown in Fig. 10. The 

story height is 3.3m and a steel hinged frame is designed 

for the gravity loads, and the lateral load resisting system is 

the proposed ductile damper-brace system. 

 

4.2 Seismic design 
 

The seismic design procedure and the design base shear 

for the two directions are the same. The yield interstory 

drift ratio is assumed to be 𝜃𝑦 = 0.005 and the target 

maximum interstory drift ratio is equal to 𝜃𝑚 = 0.02 

under the MCE hazard level. The seismic weight of each 

story is 2,470.5kN  which gives the effective mass of 

𝑚𝑒𝑓𝑓 = 839ton . The yield and the maximum 

displacements of the equivalent SDOF system are 𝐷𝑦 =

49mm  and 𝐷𝑚 = 198mm  and the corresponding 

ductility and the effective damping ratio are 𝜇 = 4.0 and 

휁𝑒𝑓𝑓 = 47.7%. 

To evaluate the seismic performance using nonlinear 

time history analysis, the square root of the sum of the 

squares (SRSS) spectrum should be generated for each pair 

of the ground motion records. According to the Korean 

Building Code (KBC 2016), the suite of ground motions 

shall be scaled in such a way that the average SRSS 

spectrum does not fall below 1.3 times the target spectrum 

between 0.2 and 1.5 times the fundamental period of the 

structure. The acceleration and the displacement response 

spectra for 1.3 times the MCE level are depicted in Fig. 11. 

By using the maximum displacement and effective damping 

ratio, the effective period is determined equal to 𝑇𝑒𝑓𝑓 =

3.28s from the displacement spectrum. As suggested by 

Priestly (Priestley 2002), the code maximum spectral 

displacement is better to be limited to 𝑇𝑒𝑓𝑓 = 3.28s 

following Eurocode 8 (CEN 2005). Hence, the effective 

stiffness 𝑘𝑒𝑓𝑓  is obtained equal to 3,082kN/m and the 

design base shear 𝑉𝑢 is determined equal to 610kN using 

the stiffness and the prescribed 𝐷𝑚 = 198mm . 

Consequently, the elastic stiffness and period are expected 

to be approximately 𝑘𝑒 = 𝜇𝑘𝑒𝑓𝑓 = 12,330kN/m  and 

𝑇𝑒 =𝑇𝑒𝑓𝑓√𝑘𝑒𝑓𝑓 𝑘𝑒⁄ = 1.6s. 

On each story, six damper-braces are considered 

alternately in the 7.5-meter bays along the y-direction and 4 

damper-braces are placed symmetrically on each side of the 

structure in the x-direction. The story shears are calculated 

using Eq. 33 and eight typical damper-braces are designed 

overall using the provided procedure. The yield strength 

and elastic stiffness of the steel are assumed to be 𝜎𝑦 =

300MPa and 𝐸 = 2.1 × 105MPa, respectively. It is tried 

to design the damper-braces for the threshold drift of 𝜃𝑡 =
0.04 and the prescribed yield drift ratio of 𝜃𝑦 = 0.005 

which corresponds to the yield displacement of 𝛥𝑦 =

16.5mm. For the sake of practicality, steel plates of the 

fuses are all designed using the thickness of 10mm , 

14mm , and 20mm , and the braces are chosen from 

available steel hollow sections in the market. Thus, there is 

a small difference between the ideal theoretical and 

designed yield forces and displacements. The geometrical 

and structural details of the designed damper-braces are 

summarized in Table 3. 

 

4.3 Seismic performance evaluation 
 

The designed structure with the damper-braces is 

modeled using SAP2000 for seismic performance 

evaluation and analysis. The first and second mode shapes 

are respectively in the x- and y-directions, with the periods 

of 1.58 s and 1.57 s which almost match the theoretical 

elastic period 𝑇𝑒 = 1.6s  obtained from the design 

procedure, before choosing the sections. This means that the 

design and modeling procedures are technically sound. The 

first mode shape is 𝜙𝑇 = [1.0, 0.74, 0.49, 0.24]  which 

shows almost linear distribution of displacements along the 

structure as  

expected. By assuming a time-independent displacement 

shape as stated in the N2 method, the given mode shape 

ensures identical interstory drift ratios at the yield and 

maximum displacements and evenly distributed damage 

along the stories. 

The structure is evaluated using the pushover analysis 

and the N2 method as described by Fajfar (Fajfar 2000). 

The lateral force is increased till the top displacement 

reaches 𝐷𝑡 = 264mm, which corresponds to 2% interstory 

drift ratio at each story. The capacity curve versus the 

interstory drift ratio in the x- and 𝑦-directions is shown for 

each story in Fig. 12. The yield drift ∆𝑦= 16.5mm and 

the maximum displacement 𝜇∆𝑦= 66mm are indicated. It 

is observed that all stories yield almost simultaneously and 

the yield drift perfectly matches the specified drift ratio 

𝜃𝑦 = 0.005. This structural behavior satisfies the third  
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design criterion which requires concurrent yielding of all 

stories under pushover analysis. The displacement of each 

story at the target displacement is almost the same and 

equal to the expected maximum interstory drift ratio 𝜃𝑚 = 

 

 

0.02 which fulfills the second goal of the design procedure. 

The third design requirement is that the maximum top 

displacement is equal to the specified target displacement, 

given the seismic hazard level. To this end, the base shear- 

 

Fig. 12 Capacity curves of the different stories in both x- and y-directions up to the target displacement 

 

 

Fig. 13 Seismic performance evaluation using N2 method: (a) Demand and capacity spectra for the designed structure; (b) 

Interstory drift ratios estimated at target displacement 

 

 

Fig. 14 Seismic performance evaluation of the model structure using nonlinear time history analysis: (a) MCE level response 

spectrum and SRSS spectra of 22 pairs of ground motions scaled at the period of the structure; (b) Maximum interstory drift 

ratios 
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top displacement curve is estimated using the N2 method 

for the MCE level response spectrum. The capacity curve of 

the MDOF structure is idealized to a bilinear curve and is 

transformed to the equivalent SDOF system with the modal 

participation factor of 𝛤 = 1.34. The yield force and yield 

displacement of the bilinear pushover curve are 814kN 

and 73mm, respectively. 

The graphical representation of the N2 method and the 

results are illustrated in Fig. 13. Unlike the capacity 

spectrum method which is based on the equivalent elastic 

response spectrum adjusted by damping ratio, the N2 

method determines the seismic demand using constant-

ductility inelastic response spectrum. Considering the fact 

that the design approach based on the equivalent elastic 

spectrum is different from the N2 method, the results seem 

quite close and promising. It can be seen from Fig. 13(a) 

that the ductility ratio is 𝜇 = 3.8 and the seismic demand 

is 𝑆𝑑 = 207mm, amounting to the top displacement of 

𝐷𝑡 = 𝛤𝑆𝑑 = 276mm . The target displacement has 4% 

error compared with the design goal assumed at the start of 

the design. Taking into account the use of typical sections 

and simplifications in the N2 method for analysis, the 

results are in close agreement with the performance 

objective. The story-wise interstory drift ratios at the target 

displacement are estimated using the mode shape and  

shown in Fig. 13(b) and it is observed that they are close 

to the target drift ratio of 2%. 

In order to delve into the seismic performance of the 

designed structure, it is analyzed using nonlinear time 

history analysis using 22 pairs of far-field earthquake 

records recommended by FEMA p695 (FEMA 2009). The 

ground motion records are obtained from the PEER NGA 

database (PEER 2014) and scaled to the fundamental period 

of the structure (Kreslin and Fajfar 2010) as shown in Fig. 

14(a). The maximum interstory drift ratios (MIDR) under 

different ground motions that each story experiences and 

their median are shown in Fig. 14(b). The structure 

undergoes global dynamic instability with large drift for the 

3  records which are excluded in the graphical 

representation. Although the results of the nonlinear static 

analysis and the N2 method are quite close to the target drift 

ratio, it can be observed that the median value of the 

MIDRs obtained from nonlinear dynamic analysis is  

 

 

slightly greater than the target drift ratio of 0.02 at the 1st 

and the 2nd stories. The median MIDR demand at the 3rd 

and 4th stories are approximately equal to the target drift 

ratio. The nonlinear behavior of structures under earthquake 

ground motions is very complicated and is affected by 

many factors including the ground motion content, which 

can lead to uncertainty in drift ratios compared to what is 

designed. This results in the scatteredness of the demand 

along the height of the structure. In order to be on the safe 

side for the design of practical cases, it is better to choose 

the target drift ratio with a safety margin. Considering the 

approximations, simplifications, uncertainties in ground 

motions, the designed structure nearly shows the expected 

performance at the yield and maximum displacements. To 

see the seismic response of the structure, the top 

displacement time history in the x- and y-directions caused 

by the RSN1633-Manjil and RSN953-Northridge 

earthquakes are also shown in Fig. 15. 

 

 

5. Conclusions 
 

In this study a ductile steel damper-brace was proposed 

which can provide both stiffness and energy dissipation 

capability. The damper or fuse consists of several steel 

plates with reduced sections connected to the bracing 

members with an eccentricity from the diagonal of the bay. 

The lateral deformation of the damper-brace leads to 

formation of a flexural plastic hinge at the reduced section. 

The proposed steel damper-brace can dissipate the seismic 

energy at the designated fuse under flexural actions without 

buckling of the brace. 

Detailed theoretical formulations for the performance 

and hysteretic behavior were derived and a procedure was 

provided to design the damper-brace members for a 

prescribed yield capacity and yield displacement. The 

formulas and the design procedure were validated by 

designing two damper-brace units and comparing their 

theoretical behavior with their analysis model established in 

SAP2000. 

By applying the proposed ductile steel damper-brace to 

a steel hinged frame as the main lateral resisting elements, a 

low-damage structural system was developed which can be 

 

Fig. 15 Top displacement time history of the designed structure subjected to: (a) RSN1633-Manjil; (b) RSN953-Northridge 
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designed for a specified seismic performance. A direct 

displacement-based design procedure was applied and its 

versatility was validated using an illustrative design of a 4-

story framed building. The details of the design procedure 

were provided and the seismic performance of the structure 

was investigated using various analysis methods, namely 

Eigenvalue analysis, pushover analysis, and nonlinear time 

history analysis using 22 pairs of earthquakes. The results 

show that the proposed structural system and the design 

procedure can be applied to have a resilient structure which 

can satisfy given performance goals with a good accuracy. 
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