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A B S T R A C T   

In the present study, a ductile bracing system is proposed which has a rotational friction damper 
joint with an eccentricity from the diagonal of the bay. Similar to other seismic energy dissipation 
devices, the developed system can be used for seismic design of new structures, where other 
structural elements remain elastic during earthquakes, as well as for seismic retrofit of existing 
structures. The structural behavior of this system is studied thoroughly using theoretical ap-
proaches and a seismic design procedure is provided. The formulations are verified by estab-
lishing an analysis model of the system and comparing the theoretical and analytical results. A 
ductility-based design procedure is provided for structures using this system and an illustrative 
three-dimensional structure is designed and analyzed in detail using various analysis methods. 
The results show that the proposed damper-brace system and the design process can be efficiently 
used in practice.   

1. Introduction 

In recent years, there has been a growing trend towards developing and improving seismic energy dissipation devices like steel 
hysteretic dampers [1–3], friction dampers [4,5], and viscoelastic devices [6,7]. Among different types of energy dissipation devices, 
friction dampers have an important position due to their continuous functioning after earthquakes. Unlike the conventional design 
philosophy which allows a controlled level of damage, it is possible to have connections and structural members which are resilient and 
damage free by using energy dissipation devices. Previously, Kim and Seo [8] evaluated a structural system with hinged beam-column 
joints that withstand the lateral loads using buckling-restrained braces (BRBs). The system was designed in such a way that seismic 
energy is dissipated by the BRBs and other structural members remain elastic. Compared to conventional steel braces, BRBs are deemed 
to have stable hysteresis loop after yielding; however, they need complete replacement after earthquakes [9,10]. More recently, 
Yousef-beik et al. [11] developed a damage-free brace which is composed of a friction joint with self-centering ability. Manzo et al. 
[12] tested a resilient precast reinforced concrete system for bridges which consists of a deck connected to columns by tendons and 
washer springs. This system tends to return back to the original place under lateral deformations. They conducted a shaking table test 
on a 1:5 scale specimen and it was observed that this system is highly resilient and can remain fully functional after 180 earthquakes. 

In this research, a rotational friction damper-brace is proposed and studied thoroughly so that it can be implemented in the design 
of structures with the damage-free design philosophy. Metallic seismic devices dissipate energy in similar manner by yielding and 
compared to them and other steel braces with ductile behavior [13,14], friction devices can be reused after earthquake. The rotational 
friction damper can provide essential ductility up to large displacements with a relatively stable hysteretic behavior. Even though 
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friction devices are generally easy to manufacture and relatively cheap, they need special concern to provide the needed bolt torque, 
friction surface treatment, measures against bolt loosening, etc. for reaching the required capacity [15]. Many energy dissipation 
devices are installed using chevron bracing or rigid steel panels between the beams of two consecutive stories. This installation scheme 
requires stronger beams or strengthening them for resisting the seismic force transferred from the damper to the beams, which are 
precluded in the current scheme. 

The structural characteristics of the proposed damper-brace system are derived in detail, including lateral yield capacity, elastic 
stiffness, post-yield stiffness, and hysteretic behavior. A ductility-based design procedure is established which can be used to design 
damage-free structures with the proposed damper-brace. The direct displacement-based design methods are mainly based on equiv-
alent damping ratio [16–18], which requires finding the ductility and reducing the elastic response spectrum using the corresponding 
damping ratio. The ductility-based method proposed in this study attempts to directly find the design base shear using the ductility and 
the inelastic ductility-based response spectrum. This can preclude assumptions and procedures for estimation of damping ratio using 
ductility for different types of structures. The application of this method is demonstrated using a 4-story structure. The design steps of 
the structure are explained in detail and its seismic performance is evaluated using different analysis techniques to validate the 
applicability and efficiency of the proposed seismic device and design procedure. 

2. Details of developed damper-brace 

The proposed damper-brace and its installation scheme are depicted in Fig. 1. This seismic energy dissipation device consists of two 
steel braces connected by a rotational friction joint with an eccentricity from the diagonal line. The deliberately designated eccentricity 
takes advantage of the P-Δ effect and forms a mechanism at the rotational friction joint. The rotational friction damper is composed of 
several steel plates with friction pads between them. The friction force is generated by tightening the bolt, and the activation moment 
can be calculated using the clamping force. The clamping force from the bolt head and the nut needs to be evenly distributed on the 
friction face with a greater diameter. To this end, several steel plates with gradually increasing diameters are placed between the bolt 
head and nut as shown in Fig. 1(a). A special attention needs to be paid to the surface treatment to induce desired friction. The 
theoretical formulation for the performance of the proposed rotational friction damper-brace is derived in this part. By using the 
provided formulas, it is possible to design the damper-brace for a prescribed yield capacity and yield displacement. The formulation is 
verified in the next part using an analysis model in terms of yield capacity, elastic stiffness, post-yield stiffness, hysteretic behavior, 
equivalent damping ratio, etc. 

2.1. Lateral yield capacity 

In order to determine the lateral yield capacity of the proposed system, assume that the damper-brace is installed in a pinned 
framed as depicted in Fig. 2. If the lateral force is increased from zero, the force-displacement relationship is elastic till the bending 
moment at the rotational friction joint reaches the activation moment of the friction damper. The free-body diagram of the system and 
the internal forces when the mechanism forms are shown in the figure. At the yield state, the structure deforms under constant lateral 
force which is the lateral yield force Fy. Since the damper-brace is hinged to the frame at both ends, it is a two-force member with a 

resultant force acting along the diagonal equal to 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Fy
2 +

(
H
BFy

)2
√

, where B is the bay length, and H is the story height. By writing the 

moment equilibrium about the rotational friction joint for one of the two bracing members, the lateral capacity can be obtained using 
the resultant and the eccentricity e as 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

F2
y +

(
H
B

Fy

)2
√

× e = My (1)  

where My is the activation moment of the friction joint. Therefore, 

Fig. 1. Representation of the proposed rotational friction damper-brace system: (a) Structural details; (b) installation scheme.  
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Fy =
B

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
B2 + H2

√
My

e
(2) 

In fact, My/e is the resultant along the diagonal and B/
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
B2 + H2

√
is equal to the cosine of the angle between the diagonal and the 

horizontal lines which gives the lateral force when multiplied by the resultant. 
The rotation at the joint can be obtained using the virtual work principle [19] and amplification mechanism. Considering a 

negligible elastic displacement at the onset of the yield mechanism, all the frame deformation is assumed to be concentrated at the 
plastic hinge. The amplification factor α is defined as the ratio between the rotation at the friction joint and the interstory drift ratio θ. 
Since the rotation of the friction damper is unknown, it is considered equal to αθ. By balancing the external and internal works, the 
virtual work equation for the lateral displacement of Δ and the corresponding interstory drift ratio θ is written as 

FyΔ=Myαθ (3) 

By substituting Fy from Eq. (2) and considering that Δ = Hθ, 

α=
BH

e
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
B2 + H2

√ (4)  

and the joint rotation under the lateral displacement of Δ is αθ = BΔ
e
̅̅̅̅̅̅̅̅̅̅̅
B2+H2

√ . It should be mentioned that the length of the two braces, L1 

and L2, do not directly affect the capacity and the amplification as two independent variables, and in fact the eccentricity of the joint e 
is the only influential parameter. 

The aforementioned formula implies that by minimizing the eccentricity, the maximum amplification for a given bay length and 
story height can be achieved. However, when a damper-brace with a small eccentricity is subjected to gradual lateral displacements, 
eventually the joint will stop rotating, there will be no eccentricity, and the damper will be under pure tension. This happens due to 
geometrical nonlinearity and the force-displacement curve shows a hardening behavior. Considering rigid elements, shear story 
behavior, and ideal hinge connections between elements, the lateral displacement corresponding to the onset of the tension field 

development is 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(L1 + L2)
2
− H2

√

− B (see Fig. 2). This lateral displacement corresponds to the interstory drift ratio of 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(L1+L2)

2
− H2

√
− B

H . 

In the case of an ordinary bracing where the diagonal of the bay is equal to the brace length, i. e 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
B2 + H2

√
= L1 + L2, the afore-

mentioned formula gives zero which means that the pure tension is developed at the beginning under lateral displacements. 
Therefore, in order that the rotational friction damper yields under flexure while maximizing the amplification, a threshold 

Fig. 2. Free-body diagram of the damper-brace at the mechanism state.  

Fig. 3. Schematic diagram for calculating the activation moment of a friction disc.  
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interstory drift ratio θt needs to be determined at the point where the pure tension starts to develop. The objective is minimizing the 
eccentricity by changing L1 and L2 while the following constraint is satisfied: 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(L1 + L2)
2
− H2

√

− B
H

≥ θt (5) 

For a damper-brace with equal L1 and L2, the eccentricity is e =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

L2
1 − 0.25(B2 + H2)

√

which is the governing parameter, and by 
substituting in Eq. (5) the minimum eccentricity is obtained as 

e ≥ 0.5
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Hθt + B)2
− B2

√

(6) 

The activation moment of a friction disc shown in Fig. 3 can be found by integrating the moment resistance provided by infini-
tesimal surface elements dMr. Considering a clamping force of Q, inner radius of ri, and the outer radius of ro, the normal force on the 
surface per unit area is Q

π(ro2 − ri2)
. As the area of this element is ρdφ × dρ in the angular coordinate system, the friction force of this 

element is equal to Q
π(ro2 − ri2)

× ρdρdφ× f , where f is the friction coefficient. Hence, the activation moment about the center of the disc for 
N friction faces is calculated by 

My =

∫

dMr =

∫2π

0

∫ro

ri

ρ ×
N Qρfdρdφ
π(ro

2 − ri
2)

=
2NQf (ro

3 − ri
3)

3(ro
2 − ri

2)
(7)  

2.2. Lateral elastic stiffness 

The proposed damper-brace system has a perfect elastic behavior till the applied force reaches the yield capacity Fy that was 
calculated in the previous part. Hence, by finding the lateral displacement at the onset of the mechanism state Δy, the elastic stiffness of 
the damper-brace system can be determined as ke = Fy/Δy. This deformation can be obtained from elastic analysis of the damper-brace 
configuration shown in Fig. 2. The moment function from node A to C at the mechanism state can be written as 

M(x)=
{

Myx
/

L1 0 ≤ x ≤ L1
My(L1 + L2 − x)

/
L2 L1 ≤ x ≤ L1 + L2

(8) 

Following the virtual work method, applying a virtual unit horizontal load at node C based on the free-body diagram in Fig. 2 leads 
to the virtual moment function 

Mv(x)=
{

L2cos(θ1 + θ2)x/B 0 ≤ x ≤ L1
L1cos(θ1 + θ2)(L1 + L2 − x)/B L1 ≤ x ≤ L1 + L2

(9)  

where θ1 and θ2 are respectively the angles of the braces AB and BC with the vertical and horizontal directions according to Fig. 2. The 
lateral displacement is determined from the virtual internal work by 

Δy =

∫L1+L2

0

MvM
EI(x)

dx (10)  

where I(x) is the function of moment of inertia along the damper-brace and E is the elastic modulus of steel. The steel plates of the 
friction faces can be prismatic or tapered as shown in Fig. 4. If the sections are tapered, the moment of inertia will be a cubic function in 
the denominator and all the functions are also piecewise which make it hard to have a simple closed-form solution. Hence, the average 
moment of inertia I is considered for the damper and the function of moment of inertia along the damper-brace is written as 

Fig. 4. Geometrical dimensions of the damper with non-prismatic, i.e. tapered, steel plates.  
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I(x)=

⎧
⎨

⎩

Ib 0 ≤ x ≤ L1 − l
I L1 − l ≤ x ≤ L1 + l
Ib L1 + l ≤ x ≤ L1 + L2

(11)  

where Ib is the moment of inertia of the braces, and l is the length of the steel plates for as shown in Fig. 4. The average moment of 
inertia for tapered sections can be obtained by 

I = ν 1
12

t
(w1 + w2

2

)3
(12)  

where ν is the number of steel plates, t is the thickness of the steel plate, w1 is the larger width of the plate and w2 is the smaller width 
according to Fig. 4. Assuming a constant average value for the moment of inertia yields the exact solution for prismatic sections. It also 
provides a high accuracy for estimating the elastic stiffness of the damper-brace system. 

By calculating the piecewise integral in Eq. (10), substituting the known parameters, and simplifying the formula, the elastic 
deformation at the onset of the mechanism state is determined as 

Δy =

∫L1+L2

0

MM1dx
EI

=

∫L1 − l

0

MyL2 cos(θ1 + θ2)x2dx
L1BEIb

+

∫L1

L1 − l

MyL2 cos(θ1 + θ2)x2dx
L1BEI

+

∫L1+l

L1

MyL1 cos(θ1 + θ2)(L1 + L2 − x)2dx
BL2EI 

+

∫L2

L1+l

MyL1 cos(θ1 + θ2)(L1 + L2 − x)2dx
BL2EIb

=Fy ×
cos 2(θ1 + θ2)

3B2E

[(
1
Ib
−

1
I

)
(
L2

2(L1 − l)3
+ L2

1(L2 − l)3)
+

L2
1L2

2(L1 + L2)

I

]

(13)  

where the expression multiplied by Fy is the reciprocal of the elastic stiffness 1/ke. 

2.3. Post-yield stiffness 

Unlike most of steel and friction dampers, the proposed rotational friction damper-brace shows geometrical nonlinearity after 
yielding. Hence, it is important to derive a formula which can fully describe the behavior of the system. Let’s assume that the frame is 
subjected to an infinitesimal lateral displacement in a such a way that the brace is under tension. The eccentricity is reduced by ε and 
the diagonal of the frame is changed to 

δ=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

L1
2 − (e − ε)2

√

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

L2
2 − (e − ε)2

√

(14) 

Having the diagonal of the frame obtained, the lateral displacement of the frame can be easily obtained as follows by assuming 
shear story behavior and rigid-body deformation of the brace: 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
δ2 − H2

√
− B (15) 

Due to the decrease in the eccentricity, the increase in the lateral force according to Eq. (2) is equal to 

Mycos(asin(H/δ))
(e − ε) − Fy (16)  

which can be also rewritten as 

My

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
δ2 − H2

√

δ(e − ε) − Fy 

Fig. 5. Hysteretic behavior of the proposed rotational friction damper-brace.  
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Thus, the post-yield stiffness, which is the change in the lateral force to the lateral displacement, is determined by 

kp = lim
ε→0

(
My

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
δ2 − H2

√

δ(e − ε) − Fy

)/
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

δ2 − H2
√

− B
)

(17) 

The ratio between the post-yield stiffness and the elastic stiffness is defined as the yield stiffness ratio r = kp/ke and is used in the 
next part to characterize the hysteretic behavior. Considering a linear post-yield stiffness is quite precise up to the development of 
tension field in the brace. The post-yield stiffness is derived by assuming that the lateral displacement is imposed in such a way that the 
brace is under tension and the eccentricity is decreased. In the case of a lateral load in the opposite direction, the braces are under 
compression and the eccentricity is increased. Therefore, the lateral force is reduced by the same rate obtained above, and the lateral 
resistance is different in positive and negative directions. 

2.4. Hysteretic behavior 

Considering a maximum displacement of μΔy where μ is the ductility ratio, the hysteretic behavior of the damper is as illustrated in 
Fig. 5. The hysteresis curve is characterized by four vertices, of which two points corresponds to the maximum displacement μΔy in the 
positive and negative directions. Their ordinates are easily obtained using the post-yield stiffness which increases the lateral force in 
the positive direction and decreases in the other direction by the rate of kp = rke. This yields an unsymmetric hysteresis curve in 
tension and compression due to the reduction of the eccentricity under tension and increase of the eccentricity under compression 
which cause different post-yield stiffnesses in the positive and negative regions. 

The slope of the unloading branches from the maximum displacements is assumed to be equal to the elastic stiffness ke. The other 
two vertices are the turning points in reloading, and are obtained by writing the equation of the lines passing through maximum 
displacements and find their intersections. The coordinates of the vertices characterizing the hysteresis curve of the damper are shown 
in Fig. 5. The area inside of the cycle which shows the dissipated energy WD corresponding to μΔy can be calculated using the co-
ordinates of the vertices and the shoelace formula as 

WD = 4keΔy
2(μ − 1)

(
1 − μr2)/( 1 − r2) (18) 

The effective stiffness keff for each cycle of deformation is of paramount importance in performance-based design. Based on ASCE 
41–13 [20], this parameter can be determined as 

keff =

⃒
⃒keΔy

(
1 + r

(
μ − 1

)⃒
⃒+
⃒
⃒keΔy

(
− 1 + r

(
μ − 1

)⃒
⃒

⃒
⃒μΔy

⃒
⃒+
⃒
⃒− μΔy

⃒
⃒

=
2keΔy

2μΔy
= ke

/

μ (19)  

which is the ratio between the averages of the absolute maximum forces and the corresponding maximum displacements in the positive 
and negative directions. This formula is a very powerful tool to find the period of the structure with the specified hysteresis curve at any 
ductility. According to ASCE 41–13 [20] the effective period of the structure Teff can be obtained as, 

Teff =Te

̅̅̅̅̅̅̅
ke

keff

√

(20)  

where Te and ke are the elastic period and elastic stiffness, respectively. By substituting Eq. (19), the effective period is obtained as 

Teff =Te
̅̅̅μ√ (21)  

which is the function of elastic period and ductility which is much easier to use and it is implemented later in this research. The 
equivalent viscous damping for each cycle of deformation, which is another crucial parameter for performance-based design, is ob-
tained by 

ζeff =
1

2π
WD

keff
(
μΔy

)2 =
2(μ − 1)(1 − μr2)

πμ(1 − r2)
(22) 

Considering the post-yield stiffness ratio equal to zero, r = 0, the aforementioned formula will be identical to the one used by Kim 
and Seo [8] for BRBs and typical metallic dampers. Since the post-yield stiffness ratio is unknown before design and it is a small 
number, its square r2 can be practically considered equal to zero. 

3. Design of the damper-brace 

In this section, a procedure is provided to design the proposed damper-brace system for a specified yield force and yield 
displacement using the derived formulations. In order to verify the accuracy of the formulations and the provided design procedure, a 
damper-brace unit is designed and modeled in the software SAP2000 [21], and its theoretical and analytical hysteresis behaviors are 
evaluated in detail. Then a parametric study is conducted to show the effects of the parameters and the effects of the eccentricity. 

3.1. Design procedure 

To design the proposed damper-brace for a prescribed yield force and yield displacement, the proper geometry should be chosen 
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first for the given bay length and story height, and then the moment capacity of the friction joint is designed based on that geometry. 
After finding the geometry and the yield capacity, the lateral stiffness of the damper-brace is adjusted by choosing the appropriate 
brace section based on the moment of inertia Ib. 

A geometry leading to the smallest eccentricity while providing a stable flexural behavior needs to be determined. As mentioned 
earlier, a threshold drift θt needs to be assumed, which should be greater than the target drift ratio to have a stable flexural behavior. By 
using this drift ratio and Eq. (6), the minimum eccentricity is estimated and the desired brace lengths, L1 and L2, are chosen. The 
required activation moment of the friction joint, My, to give the specified lateral yield capacity, Fy, is determined using Eq. (2). Number 
of friction faces N, inner and outer radii, ri and ro, and clamping force Q are obtained using the friction coefficient μ. Having all details, 
the post yield stiffness of the designed configuration, kp, is calculated. The flowchart of this procedure is depicted in Fig. 6. 

3.2. Verification 

A rotational friction damper-brace unit is designed for the yield force of Fy = 100 kN and the yield displacement of Δy = 20 mm 
using the derived formulas and given design procedure. The assumed story height is B = 4,000 mm and the bay length is H =

6, 000 mm. The details of the design and the sections chosen from available typical dimensions are listed in Table 1. The threshold drift 
ratio is considered equal to θt = 0.04 and the corresponding minimum eccentricity is found equal to e = 700 mm. An identical length is 
considered for the brace elements which amounts to L1 = L2 = 3,673 mm. The steel hollow section 200 × 200 × 8.8 is chosen so that 
the bracing elements can provide the required stiffness for the prescribed yield displacement. The rotational friction joint is composed 
of six steel plates with the thickness of 20 mm. The length of the steel plates is 300 mm with three plates connected to each brace and 

Fig. 6. Design procedure of the proposed rotational friction damper-brace.  
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five friction pads alternately interposed between them. This configuration and geometries lead to the post-yield stiffness ratio of r =

0.061. 
The damper-brace is modeled in the SAP2000 software following the schematic model in Fig. 7 (a). The brace sections and joint 

components are modeled using the elastic frame element and nonlinearity is taken into consideration using the lumped plasticity 
model. To this end, the joint is modeled as a nonlinear rotational spring using the plastic wen link. The damper-brace system is 
subjected to the lateral cyclic load according to the loading protocol from ASCE 41–13 [20]. 

The hysteresis curve obtained from the software is compared with the theoretical graph and depicted in Fig. 8. It can be observed 
that the theoretical formulation can approximate the hysteresis curve with a good agreement. These results are further elaborated in a 
quantitative manner. For this purpose, the analytical results are processed to obtain the yield force, yield displacement, post-yield 
stiffness, ductility, and damping ratio. The elastic stiffness and the post-yield stiffness are obtained first by fitting lines to the hys-
teresis curve in both loading directions. Next, the yield force and yield displacement are determined and averaged for both the loading 
directions. With the yield displacement, the energy dissipation is calculated for the two ductility ratios corresponding to 1% and 2% 
interstory drift ratios. These results are compared with their theoretical values in Table 2. 

It is observed that the theoretical formulation can properly capture the hysteretic behavior of the proposed system and can be 
further used for design and analysis of the proposed damper-brace system. The brace-damper has a yield force and yield displacement 
as expected, and can be properly designed for a prescribed performance. The hysteretic behavior is stable and can adequately dissipate 
the seismic energy. 

3.3. Parametric study 

In order to delve into the performance of the proposed damper-brace system, a brief parametric study is conducted by remodeling 
the designed damper-brace with the eccentricity of e = 500 mm. By reducing the eccentricity, the yield force and yield displacement 
are changed to Fy = 140 kN and Δy = 14 mm, respectively. Since the yield capacity changes, another analysis model is also considered 
by adjusting the activation moment to keep the yield force and yield displacement the same. The other two analysis models are also 
subjected to the cyclic load and their hysteresis curves and cumulative energy dissipations are compared in Fig. 9. 

It can be noticed in Fig. 9(a) that reducing the eccentricity leads to the enhanced geometric nonlinearity in the post-yield behavior 
and to increase in the post-yield stiffness ratio r. By comparing the energy dissipation of the two cases with the identical yield force of 
100 kN, it is observed that the post-yield stiffness has little effects on the energy dissipation. By decreasing the eccentricity, the yield 
force can be increased according to Eq. (2); however it can change the dominant bending mechanism to axial actions and damage the 
rotational friction joint or buckle the bracing members. Therefore, to maintain stable bending mechanism, the geometry of the damper- 
brace should satisfy the threshold condition described in Eq. (5). It also should be noted that the damper-bracing should be modeled as 
a tension member at large displacement. As mentioned earlier in Eq. (18) and Eq. (22), the energy dissipation for each cycle of 
deformation and damping ratio are function of r2, and as r is a small number its square can be approximated equal to zero. This means 
that the damper-brace has a perfect hysteresis loop similar to metallic dampers, effectively dissipating the seismic energy. 

By reducing the eccentricity while keeping other parameters the same, the amplification factor increases and according to the 
formulation, the yield force is 140 kN with the yield displacement of 14 mm. This increases the energy dissipation as can be observed in 
Fig. 9(b); however, it is important to keep in mind that the tension becomes more dominant and can damage the rotational friction joint 
which is deemed to deform under flexure. In summary, it is better to consider a threshold drift ratio large enough to maintain a stable 
hysteretic behavior and find the associated minimum eccentricity. 

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

e 
(mm)

α N Q 
(kN)

f ro 

(mm)

ri 

(mm)

w1 = w2 

(mm)

n t 
(mm)

E 
(MPa)

l 
(mm)

L1 

(mm)

L2 

(mm)

Ib 

(mm4)
r =

kp

ke 
(%)

700 4.8 5 800 0.3 100 25 210 3 20 2.1× 105 300 3673 3673 4.109× 107 6.1  

Fig. 7. Analysis of the proposed damper-brace: (a) Schematic of the analysis model; (b) applied loading protocol.  
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4. Ductility-based design of multi-story structures 

In order to design a structure damage-free using the proposed damper-brace system, the design force is obtained by using an 
equivalent single-degree-of-freedom (SDOF) system and the inelastic response spectra. In essence, this procedure is the reverse N2 
method where the ductility and the displacement demand are known, and the yield strength of the structure Vy needs to be calculated 
for the multi-degree-of-freedom (MDOF) system. After getting the design force, the pin-connected structure is designed considering 
that the lateral force is only sustained by the damper-braces. Although there can be some damage to non-structural elements, the 
primary elements remain intact, while the seismic energy is dissipated by the friction dampers. 

In order to meet a prescribed maximum interstory drift ratio for a given hazard level and keep the damage to non-structural el-
ements evenly distributed along the stories, three requirements need to be fulfilled: (1) All stories yield at the same time with the same 
yield displacement; (2) Maximum interstory drift ratios of all stories are the same; (3) The maximum top displacement is equal to the 
target displacement. Practically, meeting these requirements is not quite possible for a three-dimensional building under highly 
stochastic earthquake ground motions designed with the sections available in the market. Moreover, design procedures have also some 

Fig. 8. Comparison between theoretical and analytical hysteresis curves.  

Table 2 
Comparison between the analytical and theoretical results.  

Analytical Theoretical 

Δy,ave 

(mm)

Fy,ave 

(kN)

kp,ave 

(kN/mm)

μ keff 

(kN/mm)

ζeff 

(%)

Δy 

(mm)

Fy 

(kN)

kp 

(kN/mm)

μ keff 

(kN/mm)

ζeff 

(%)

21 100.8 0.32 1.9 2.5 29 20 99.8 0.31 2.0 2.5 32 
3.8 1.3 44 4.1 1.2 48  

Fig. 9. Parametric study on the effects of eccentricity: (a) Hysteretic behavior; (b) energy dissipation.  
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simplifications which give rise to another dimension of uncertainty. Therefore, eventually it is tried to meet the target displacement 
and interstory drift ratio limit states, while having evenly distributed drifts. 

The design procedure implemented in this research is based on the nonlinear static analysis and the N2 method. The first step is to 
transform the MDOF structure to an equivalent SDOF system using the modal participation factor Γ. To satisfy the first and second 
requirements, the structure should have a linear displacement shape which is assumed to be time-independent and remain constant 
during the earthquake. Therefore, the modal participation factor is obtained as, 

Γ =
hn
∑n

i=1mihi
∑n

i=1mih2
i

(23)  

where mi and hi are the mass and level of the i th story. The mass of the SDOF is 

m* =
1
hn

∑n

i=1
mihi (24) 

The yield and maximum interstory drift ratios, which are respectively indicated by θy and θm, are the objective performance pa-
rameters. Hence, the top displacement of the structure at the maximum displacements is hnθm which corresponds to the displacement 
demand of Sd = hnθm/Γ for the equivalent SDOF system. 

The next step is to obtain the elastic response spectra under the related hazard level in the acceleration-displacement (AD) format. 
The general elastic acceleration response spectrum can be defined as a function of elastic period, Sae(T,μ = 1), following ASCE 41–13 
[20] with the two parameters of SXS and SX1 which are the spectral acceleration at short periods and at period 1 s. Having the 
constant-ductility inelastic response spectra in the AD format, the yield acceleration can be obtained as illustrated in Fig. 10. 

In order to show this procedure through theoretical formulation, the constant-ductility inelastic displacement spectrum function for 
the ductility ratio of μ and the elastic period of T can be written as [22]. 

Sd(T, μ)= Sa(T, μ)
T2μ
4π2 (25)  

where Sa(T, μ) is the inelastic acceleration response equal to Sae(T,μ = 1)/Rμ, and Rμ is the reduction factor: 

Rμ =

⎧
⎨

⎩

(μ − 1)
T
Ts

+ 1 T < Ts

μ T ≥ Ts

(26)  

where Ts is the characteristic period equal to Ts = SX1/SXS at which the response spectra transition from the constant acceleration 
segment to the constant velocity segment. Therefore, by having the displacement demand Sd = hnθm/Γ and ductility ratio μ = θm/ θy, 
Eq. (25) can be solved to find the elastic period T*

e corresponding to the elastic branch of the capacity diagram. Next, the inelastic 
spectral acceleration is obtained as 

Sa =
hnθm

Γ
4π2

T*
e

2μ
(27)  

which is equal to the yield acceleration Say. This procedure can be easily carried out by an interpolation on the inelastic response 
spectra which is shown graphically in Fig. 10. 

Fig. 10. Schematic illustration of the derived ductility-based design procedure.  

M.M. Javidan and J. Kim                                                                                                                                                                                            



Journal of Building Engineering 51 (2022) 104248

11

The design base shear is Vy = Γm*Say and in order that the stories yield concurrently under pushover analysis, each story should be 
designed for a story shear following the load applied statically. In the N2 method, the lateral load is distributed proportional to the 
mass and displacement shape. Therefore, considering the linear displacement shape, the design base shear is distributed to the stories 
as 

Vi =Vy(mihi)

/
∑n

j=1

(
mjhj

)
(28) 

The damper-braces at the i th story should be designed for the story shear which is 
∑n

j=i
Vj. Considering a shear story behavior for low- 

rise structures, the yield force of the damper-braces Fy in each direction acting in parallel are found by dividing the story shear force by 
the number of the dampers in that direction. The yield displacement Δy is equal to the yield drift ratio multiplied by the story height 
Δy = θy(hi − hi− 1). Finally, the damper-braces can be designed using the yield force and yield displacement based on the procedure 
provided in the previous section. 

It is worthwhile to mention that Mazza [23] provided a displacement-based design procedure for seismic retrofit of unsymmetric 
structures using corrective factors to take into account the hysteretic energy dissipated under bidirectional seismic loads. The method 
proposed in this study separately designs the structure in each direction for the target response spectrum. As a result, if the structure is 
subjected to ground motions in each direction, it is supposed to demonstrate the objective performance. Under bidirectional earth-
quakes, the same performance is expected, because the resultant of the acceleration is the target response acceleration and the 
resultant of the displacement demands should be consistent. 

5. Illustrative application 

In order to demonstrate the efficiency and versatility of the proposed damper-brace system and the derived design procedure, a 
building structure is designed using the damage-free design philosophy and is evaluated using modal analysis, nonlinear time history 
and pushover analyses. The results of the pushover analysis are investigated in detail and are interpreted using capacity spectrum 
method (CSM) and the N2 method. All the results are further compared to provide insight into the accuracy of different analysis 
methods. 

5.1. Ductility-based design 

The lateral load-resisting system for a four-story steel structure with the proposed damper-brace system is designed using the 
derived ductility-based design procedure. The plan and elevation of the example structure is depicted in Fig. 11. The dead and live 
loads are respectively 4.5kN/m2 and 3.0 kN/m2 and the seismic weight of each story is 2,599 kN. As the beam-column joints are pin- 
connected, the lateral loads are resisted by the damper-braces and the frame needs to be designed for the gravity loads and the re-
actions of the braces induced by seismic loads. For simplicity, rolled H-shape sections H-300 (depth) × 200 (width) × 10 (thickness of 
flange) × 10 (thickness of web) are used for the frame elements, which remain elastic for the combined gravity and seismic loads. The 
damper-brace is designed to meet the collapse prevention level drift ratio of θm = 0.02 under the Maximum Considered Earthquake 
(MCE) with the exceedance probability of 2% in 50 years. The response spectrum parameters are SXS = 0.97 and SX1 = 0.56, and a 
factor of 1.3 is considered for scaling the ground motion [24]. 

It is considered that the yield displacement corresponds to the interstory drift ratio of θy = 0.005, and therefore the structure is 
designed for the ductility ratio of μ = θm/θy = 4. As depicted in Fig. 12, the constant-ductility inelastic spectrum is generated and the 
yield acceleration of Say = 0.098 g is obtained using the displacement demand which corresponds to Vy = 850 kN and the elastic 

Fig. 11. Example structure used for application of the proposed damper system: (a) Structural plan; (b) elevation.  
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period of 1.42 s. For each direction, the design base shear is distributed to the stories following Eq. (28) and the story shear is evenly 
divided to the dampers. For the sake of practicality, the dampers and braces are designed using the closest available typical sections 
and the rounded clamping forces and the details are summarized in Table 3. The friction coefficient is considered equal to f = 0.3 and 
outer and inner radii of the friction faces equal to ro = 100 mm and ro = 25 mm. The elastic modulus of steel is 2.1× 105 MPa and the 
steel plates for the friction faces are prismatic with the width of w1 = w2 = 210 mm, thickness of t = 20 mm and the length of l =

300 mm. 

5.2. Eigenvalue and nonlinear time history analyses 

The analysis model of the structure is established in SAP2000 according to the requirements of ASCE 41–13 [20], and the rotational 
friction damper-braces are modeled using the approach verified in the previous section. The first mode shape obtained from Eigenvalue 
analysis is ΦT = [1.00, 0.75, 0.5, 0.25] at the center of mass with 66 ◦ deviation from the x-direction. The periods of the first and the 
second modes are respectively 1.44 s and 1.43 s, while the second mode shape has the same displacement shape in the perpendicular 
direction. The mode shape shows a linear displacement shape along the height of the structure as expected, and the period is very close 
to the one determined from the design procedure which is 1.42 s. 

The seismic performance of the structure is investigated by nonlinear time history analysis using 22 pairs of far-field ground motion 
records recommended by FEMA p695 [25]. The earthquake records are obtained from the PEER NGA database [26] and scaled to the 
MCE response spectrum. There are different methods of scaling ground motion records to find the median demand. In this research, the 
square root of the sum of the squares (SRSS) spectrum is obtained for each earthquake and is scaled at the fundamental period of the 
structure [27,28] (see Fig. 13(a)). The structure is subjected to each pair of the earthquake records simultaneously in the x- and 
y-directions, and the maximum interstory drift ratio is determined for each story as depicted in Fig. 13(b). The median value of the 
maximum interstory drift ratio is 0.018 on all stories except for the 4th story which is 0.019. It is observed that the seismic performance 
of the structure not only satisfies the limit state ratio, but also it is quite close to the objective performance for which it is designed. The 
median interstory drift ratio is almost identical in all stories which shows an evenly distributed damage to the non-structural elements 
on the different stories. The top displacement time history of the structure under the records of the RSN1633-Manjil and 
RSN174-Imperial Valley earthquakes are shown in Fig. 14. 

5.3. Pushover analysis 

To gain a more detailed insight into the behavior of the structure and methods for nonlinear static analyses, the lateral capacity of 
the structure is evaluated using pushover analysis. The structure is analyzed in the x- and y-directions and first mode shape under a 
lateral load proportional to the mass and the linear displacement shape. The pushover curves are depicted in Fig. 15, where it can be 
observed that the yield strength of the structure in the x- and y-directions are respectively 858 kN and 851 kN which are quite close to 
Vy = 850 kN determined from the design procedure. The yield displacements are 70 mm in both x- and y-directions which is 6% 
greater than the considered value of 66 mm. This difference is partly due to finding the yield displacement using curve fitting methods; 
yet the results are in close agreement with the values obtained from the design procedure. The two pushover curves in the x and 
y-directions show a perfect bilinear behavior which is due to the simultaneous yield of different stories. As mentioned earlier, the first 
mode shape has a linear displacement shape and deviates 66 ◦ from the x-direction. Pushover curve of the structure in this direction 
shows a trilinear behavior where the yield point is due to the yield of structure in the y-direction and the peak point is due to the yield 
in the x-direction and formation of mechanism. As the elastic stiffness in both x- and y-directions is designed to be the same, the 
structure shows the same elastic stiffness in other directions. The base shear normalized by the seismic weight of the structure is 
depicted using the secondary axis. The yield strength of the structure in the x- and y-directions correspond to 8% of the seismic weight 
while the pushover following the first mode shape gives the yield strength equal to 11% of the seismic weight. 

Fig. 12. Ductility-based design of the structure following the derived procedure.  
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The trilinear backbone curve is idealized to an elastic-perfectly plastic curve for further analysis following Fajfar [22] and ASCE 
41–13 [20]. The elastic stiffness and the yield strength Vy are found in such a way that the elastic stiffness equals the secant stiffness of 
the pushover curve at 0.6Vy and the areas under the two curves are balanced. This capacity curve is transformed to the equivalent 
SDOF system using the Eigenvalue analysis results, which is used for further assessment. 

The seismic performance of the structure is evaluated using the N2 method and the capacity spectrum method (CSM), and the 
results are compared with those of the nonlinear time history analysis. The CSM uses reduced elastic spectrum constructed using the 
equivalent damping ratio ζeff at the target performance point Sd [29]. In the present research, the damping ratio is obtained using the 
ductility and Eq. (22), and the elastic response spectrum is reduced using the coefficient of 4/[5.6 − ln(100ζeff )] based on ASCE 41–13 
[20]. The intersection of the reduced response spectrum and the capacity curve is the performance point, and it is obtained in such a 
way that the required damping to reduce the response spectrum is equal to the damping ratio provided by the structure at that point. 
The calculations for the N2 method and the CSM are shown in Fig. 16. 

Table 3 
Geometrical and structural details of the designed damper-braces for the lateral resisting system of the example structure.  

B 
(m)

e 
(mm)

L1 = L2 

(mm)

α Story N Q 
(kN)

Fy 

(kN)

My 

(kN.m)

Brace section Δy 

(mm)

r (%)

6.0 633 3482 4.6 1 7 700 142 102.9 220 × 220 × 8.0 15.5 5.9 
2 7 650 132 95.5 220 × 220 × 7.1 15.6 5.9 
3 5 700 102 73.5 200 × 200 × 7.1 16.2 6.1 
4 5 400 58 42 180 × 180 × 5.0 16.0 6.1 

4.5 549 2844 4.8 1 7 675 146 99.2 200 × 200 × 7.1 15.6 6.0 
2 7 600 130 88.2 200 × 200 × 6.0 15.8 6.0 
3 5 650 100 68.2 160 × 160 × 10.0 15.9 6.1 
4 5 375 58 39.4 160 × 160 × 5.0 15.4 5.9  

Fig. 13. Nonlinear time history analysis of the structure: (a) Scaling of the 22 pairs of ground motion records at the fundamental period of the structure; (b) maximum 
interstory drift ratios caused by the suite of the ground motion records and their median value. 

Fig. 14. Top displacement time history: (a) For RSN1633-Manjil earthquake; (b) for RSN174-Imperial Valley earthquake.  
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After finding the displacement demand and target performance point using the N2 method and the CSM, the result is transformed to 
the original structure using the modal participation factor Γ. The top displacement of the structure is determined and the other story 
displacements are calculated using the mode shape. The interstory drift ratio demands are compared with the results obtained from the 
nonlinear time history analysis and are depicted in Fig. 17. Overall, it is observed that the results are consistent, though the CSM 
underestimates and the N2 method overestimates the displacement demands. Causevic and Mitrovic [30] compared different pushover 
analysis methods with the nonlinear time history analysis, and these results are consistent with their findings except for the N2 method. 
The differences can slightly vary on a case-by-case basis; however, as can been noticed in Fig. 17, the results are quite close. Since the 
basis of the provided ductility-based design method is identical to that of the N2 method, it is expected that structures designed with 
this methodology demonstrate the considered target performance when evaluated using the N2 method. The maximum interstory drift 
ratio obtained is 0.016, 0.019, and 0.021 for the CSM, nonlinear time history analysis, and the N2 method, respectively. The N2 
method, which is also the basis of the derived design procedure, gives a closer approximation to the results of the more sophisticated 
nonlinear time history analysis. Either way, the structure designed for the objective performance of 0.02 interstory drift ratio under the 
MCE hazard level satisfies the given limit state. The displacement demand is evenly distributed along the height of the structure, and 
the derived design procedure fulfills the three required conditions sought in the first place. 

6. Concluding remarks 

In this research, a rotational friction damper-brace was proposed, which consists of two bracing members connected using a 
rotational friction joint with an eccentricity from the diagonal of the bay. The theoretical formulation for this system was derived and 
verified by evaluating its performance using analysis model. It was observed that the developed damper-brace can efficiently dissipate 
the seismic energy and the derived formulas can sufficiently capture the yield capacity, yield displacement, post-yield stiffness, energy 
dissipation, etc. 

A ductility-based design procedure was established for the design of damage-free structures using the developed damper-brace 
system. In this type of structural system, the pin-connected beams and columns are designed only for gravity loads and lateral 

Fig. 15. Pushover curves for the x- and y-directions and the 1st mode shape.  

Fig. 16. Seismic performance evaluation using pushover analysis: (a) N2 method; (b) capacity spectrum method.  
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forces are withstood by the damper-braces. To investigate the application of the provided design procedure and performance of the 
proposed structural system, a 4-story structure was designed to have 0.02 interstory drift ratio under the MCE level earthquake. The 
structure was evaluated in detail using Eigenvalue analysis, nonlinear time history analysis under 22 pairs of earthquake ground 
motions, and pushover analysis. 

The Eigenvalue analysis showed that the fundamental period of the structure was 1.44 s which was quite close to 1.42 s determined 
from the design procedure. The fundamental mode shape of the structure had a linear displacement shape along the height of the 
structure which showed the accuracy of the design procedure. The results of the nonlinear time history analysis showed that the 
median maximum interstory drift ratio met the objective performance. Furthermore, the story-wise median drift ratio demands were 
between 0.018 and 0.019 and almost equal as expected, leading to evenly distributed damage to non-structural elements along the 
height. 

The lateral capacity curve of the structure from the pushover analysis was evaluated using the N2 method and the CSM and the 
results were compared with the nonlinear time history analysis results. It was observed that the median drift ratio demand was 0.016, 
0.019, and 0.021 for the CSM, nonlinear time history analysis, and the N2 method, respectively. The N2 method gave slightly more 
accurate yet conservative results. Nevertheless, all the analysis results showed that the designed structure could meet the objective 
performance, and the proposed structural system and the design procedure could be efficiently implemented in the low-rise framed 
structures. 
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Notation  

B = bay length 
E = elastic modulus of steel 
Fy = lateral yield capacity of the damper-brace 
Fy,ave = average lateral yield capacity of the damper-brace for the positive and negative directions obtained from the analytical 

model 

Fig. 17. Seismic performance of structure in terms of interstory drift ratio demand.  
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H = story height 
I(x) = moment of inertia function along the damper-brace 
I = average moment of inertia of tapered steel plates for the damper 
Ib = moment of inertia of the braces 
L1 and L2 = length of the two braces to the center of the rotational friction joint 
M(x) = moment function along the damper-brace 
Mr = moment resistance provided by a part of the friction face, which is used in integration 
Mv(x) = moment function along the damper-brace under a virtual lateral load to the system 
My = activation moment of the rotational friction joint 
N = number of friction faces which dissipate the energy 
Q = clamping force acting on the friction faces 
Rμ = reduction factor for the N2 method equal to the ratio of the elastic and inelastic accelerations Rμ = Sae/Sa 

Sa = inelastic acceleration 
Sae = elastic spectral acceleration 
Say = yield acceleration of the equivalent SDOF system 
Sd = displacement demand for the equivalent SDOF system 
SX1 = response spectrum parameter equal to the spectral acceleration at period 1 s 
SXS = response spectrum parameter equal to the spectral acceleration at short periods 
T = elastic period variable 
T*

e = period of the SDOF corresponding to the elastic branch 
Te = elastic stiffness of the damper-brace system 
Teff = effective period of the system at the deformation of μΔy 

Ts = characteristic period at which the response spectra transition from the constant acceleration segment to the constant velocity 
segment equal to Ts = SX1/SXS 

Vi = lateral force acting on the i th story 
Vy = yield strength of the structure obtained from pushover analysis or the design base shear 
WD = dissipated energy for each cycle of deformation 
e = eccentricity of the rotational friction joint from the diagonal of the bay 
f = friction coefficient 
hi = level of the i th story 
ke = elastic stiffness of the damper-brace system equal to ke = Fy/Δy 

keff = effective stiffness for each cycle of deformation equal to keff = ke/μ 
kp = post-yield stiffness of the damper-brace system 
kp,ave = average post-yield stiffness of the damper-brace system for the positive and negative directions obtained from the analytical 

model 
l = length of the steel plates used for friction faces 
m* = mass of the equivalent SDOF system 
mi = mass of the i th story 
r = post-yield stiffness ratio equal to r = kp/ke 

ri = inner radius of the friction face 
ro = outer radius of the friction face 
t = thickness of the steel plate 
w1 and w2 = larger width and the smaller width of the tapered steel plate 
Δ = is the interstory drift amounting to Δ = θH 
Δy = lateral displacement of the damper-brace at the onset of the yield mechanism 
Δy,ave = average lateral yield displacement for the positive and negative directions obtained from the analytical model 
α = amplification factor of the damper-brace system equal to the ratio between the rotation at the rotational friction joint and the 

interstory drift ratio θ 
Γ = modal participation factor 
δ = diagonal of the frame initially equal to δ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
B2 + H2

√

ε = an infinitesimal change in the eccentricity e 
ζeff = equivalent viscous damping for each cycle of deformation 
θ = interstory drift ratio 
θ1 and θ2 = angles of braces the with the vertical and horizontal directions, respectively 
θm = maximum interstory drift ratio 
θt = threshold drift ratio at which the braces with rigid flexibility develop pure tension 
θy = yield interstory drift ratio 
μ = ductility ratio 
ν = number of steel plates 
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ρ = distance from the origin in the polar coordinate system, which is used in integration 
φ = angle in the polar coordinate system, which is used in integration 
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