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A B S T R A C T   

The use of intermediate stiffeners in the link beam, in addition to increasing the cost of construction and reducing 
the speed of execution due to the need to welding operations, can lead to residual stresses. In this study, in order 
to remove the intermediate stiffeners in box link beam, the idea of using two types of low yield point steel (made 
in Japan and China) in the web of box link beam has been investigated using the finite element modeling in 
Abaqus software. According to this study, using low yield point steel in link beam without intermediate stiff
eners, the maximum permissible compactness ratio of link web can be considered up to 56% greater than the 
maximum compactness ratio provided for common structural steels. The overstrength factor for the two types of 
low yield point steel made in Japan and China is calculated as 4.14 and 2.58 on average, respectively, while the 
value of this parameter proposed in accordance with AISC seismic provisions for box link beams made of 
common structural steels is 1.4. Using low yield point steel in the link beam and eliminating the intermediate 
stiffeners, the energy dissipation of the link beam can be increased to about 30% and its elastic stiffness can be 
increased to about 45%. In addition, by using low yield point steel and elimination of the intermediate stiffeners, 
undesirable fracture mode in the vicinity of the stiffeners is removed, and the rotation limit corresponding to 
fracture of the link beam increases to about 85%.   

1. Introduction 

The input energy caused by the earthquake to the structures, ac
cording to the law of conservation of energy, is converted into kinetic 
energy, elastic strain energy, viscous energy, and nonlinear strain en
ergy (hysteretic energy). In the common structures in the face of severe 
earthquakes, about 90% of the input energy to the structure is dissipated 
by the hysteretic energy [1]. The use of energy absorbent members was 
suggested in order to concentrate the hystertic energy dissipation and 
consequently to damage the structure, in a special area that is suitable 
for energy dissipation (structural fuse). Passive energy dissipation has 
been used since the 1980s to control the structure vibrations. In the 
passive energy absorbing system, the members of the energy absorber 
are installed to improve damping, stiffness, and strength in the structure. 
Of the types of passive dampers in the structure is the metallic yield 
dampers that dissipate the input energy from the earthquake through 
the response of hysteretic cycles and consequently prevent damage to 
other members of the structure. The use of metal dampers, due to their 
easy production, specific response, and stable mechanical performance 

is popular among energy dissipation methods. In the early 1970s, new 
structural system called eccentrically braced system was created in 
Japan, with the same logic as passive yield dampers, and then in the 
United States, this type of system was investigated by Popov et al. since 
1978. In this lateral force resisting system, non-elastic behavior and 
energy dissipation is restricted to a specific area called link beam, and 
other frame members must necessarily behave linearly and elastically. 
Eccentrically braced frame is a combination of suitable lateral stiffness 
of concentrically braced frame and proper ductility of moment resisting 
frame. The lateral stiffness of the eccentrically braced frame is less than 
that of the concentrically braced frame, but in the concentrically braced 
frame, early buckling of the braces in the earthquake reduces the lateral 
stiffness of the frame while in the eccentrically braced frame the possi
bility of buckling is not given to the braces so that the stable behavior of 
the structure is guaranteed. Behavior of eccentrically braced frame de
pends greatly on the behavior of the link beam, in other words, the link 
beam function like fuse, which with their ductile behavior, firstly pro
vide energy dissipation and response modification factor in the seismic 
lateral force resisting systems, and secondly limit the efforts of other 
members of the frame. The short link beam by dissipating energy from 
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link’s shear yield, behaves much better in terms of elastic lateral stiff
ness, ductility, energy dissipation, and ultimate lateral strength than 
longer link beams [2]. In general, if the ratio of the link beam length (e) 
to the length of the braced span (L) is more than 0.5, the lateral stiffness 
of the eccentrically braced frame is not much different from the moment 
resisting frame. According to the aforementioned points, in this study, 
the eccentrically braced frame with short link beam has been investi
gated. It is worth noting that if the length of the link beam is considered 
too short, its non-elastic rotation will increase. In order to prevent the 
complete destruction of slab concrete in the upper part of the link beam 
in the eccentrically braced frame, the AISC 341–16 [3] limits the 
maximum non-elastic rotation in the short link beam to 0.08 rads, thus 
limiting the minimum permitted length of the link beam. A variety of 
eccentrically braced frame is displayed in Fig. 1 [4]. 

In investigating the behavior of shear link beam without interme

diate stiffeners in cyclic loading, it has been found that due to early shear 
buckling in the link’s web, stiffness and strength degradation, and 
consequently, reduction of energy dissipation is observed in the sample, 
which is the reason why using intermediate stiffeners throughout link 
beam to delay shear buckling is suggested by Popov et al. in order to 
prevent the reduction of link beam capacities and to ensure the stable 
cyclic response [5]. Popov et al., considering the relationships related to 
the stability of the shell and plate provided by Timoshenko and Gere [6] 
(Eq. (1)), provided the Eq. (3) for determining the distance of transverse 
stiffeners in the I-shaped link beam in terms of the target rotation in the 
link beam. 

τcr = k(α) π2D
tb2 (1)  

D =
Et3

12(1 − ϑ2)
(2)  

γu = 8.7k(α)
(

1
β

)2

(3) 

The use of stiffeners in the link beam makes the design more 
expensive and also reduces the speed of execution. In addition, the use of 
stiffeners causes stress concentration in the vicinity of the stiffener weld 
to the beam’s web as well as the creation of residual stress and weaker 
steel in the area around the weld, caused by welding operations in the 
link beam. According to Okazaki et al. [7] as well as Ming Lian et al. [8], 
most fractures in the link beam with intermediate stiffeners, start from 
the mentioned location (Fig. 2) and then continue in the entire depth of 
the beam in the vicinity of the stiffener, thus, one of the advantages of 
removing transverse stiffeners in the beam is the uniformity of the 

Nomenclature 

τcr The critical shear buckling stress of the plate 
k(α) The constant which is subject to the boundary conditions 

of the plate and its aspect ratio (α) 
D The flexural elastic stiffness of the plate 
t Thickness of plate 
ϑ The Poisson’s ratio of the steel 
β The compactness ratio of the plate 
b′

f The pure width of the flange regardless of the thickness of 
the webs 

d′ The depth of the web regardless of the thickness of the 
flanges 

tf The thickness of the flange 
E The modulus of elasticity 
Fyw The yield stress of the web 
Fyf The yield stress of the flange 
a The distance from center to center of stiffeners 
d Depth of beam 
tw Thickness of the web 
γu The expected ultimate rotation in the link beam 
Fuw The ultimate stress of the web materials 
Fyst The yield stress of stiffener materials 
Ast The stiffener area 
σ0 The size of yield surface 
αk The Kth backstress, which represents the location of the 

center of yield surface 
Ck Initial kinematic strain hardening slope 
γk The rate of reduction of the kinematic hardening slope 
εp Plastic strain 
ak

0 The initial size of the backstress 

σ|0 The initial size of yield surface 
σ0

∞ The maximum change in the size of the yield surface 
εp

eq The equivalent plastic strain 
Vu The shear force induced due to Design Based Earthquake in 

link beam (Eq. (13)) or is the maximum shear created in 
the link beam (Eq. (25)) 

Vn The nominal shear capacity in link beam 
∅ The strength reduction factor 
Aw The net web area 
MP The cross-section plastic moment 
MPf The flange plastic moment 
MPw The web plastic moment 
Vf Flange contribution in the plastic shear capacity of the box 

link beam 
e The length of link beam 
b The width of the flange in the link beam 
Ib The moment of inertia of the link beam 
G The shear modulus 
L The span length of the frame 
∆i
h The interstorey drift ratio of the floor 
R The radius of spherical void 
σm The hydrostatic stress 
σe The von-Mises effective stress 
R0 The initial radius of the void 
А The material constant 
η Stress triaxiality 
AR The reduction of the cross-section of the sample at the 

fracture zone in the tensile test on uniaxial axisymmetric 
tensile specimen  

Fig. 1. Common types of eccentrically braced frame [4].  
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distribution of stress and strain in the cross-section and thus the lack of 
concentration of stress in the vicinity of stiffeners [9]. 

1.1. Box link beam 

In eccentrically braced frames, two types of I-shaped and box link 
beam are common. In places where it is not possible to insert a lateral 
brace at the end of the link beam (between the core of the two elevators 
or in cases where the façade does not allow lateral braces or some 
bridges), the use of a box link beam, due to high torsional stiffness (if the 
moment of inertia about the weak axis is more than 67% of the moment 
of inertia about the strong axis), prevents lateral torsional buckling [3]. 
Bruneau and Berman [10,11] in the United States conducted a lot of 
theoretical and experimental research on the behavior of box link beams 
as one of the most suitable methods for retrofitting bridges. According to 
Bruneau and Berman’s researches, using hollow structural sections 
(HSS) as a link beam in eccentrically braced frame, the maximum link 
beam length is obtained equal to 460 mm in order to ensure shear 
behavior, which is due to the shortness of this length relative to the span 
length in common structures, in the lateral interstorey drift ratio about 
0.5%, the plastic rotation of the link beam exceeds 0.08 rads and this 
type of link beams do not show proper behavior in the structure and the 
use of HSS in the link beam is not recommended. 

Flange buckling in the link beam is known as an inappropriate limit 
state, because following the flange buckling in the link beam, lateral 
torsional buckling occurs and, in turn, may result in severe degradation 
of strength and reduced ductility. According to studies of Bruneau and 
Berman [10], flange buckling occurs in box link beam when the average 
axial stresses caused by bending moment at the end of the link beam 
reaches 1.29 times the yield stress of the flange material, and in order to 
avoid the occurrence of flange buckling, the maximum compactness 
ratio of flange in the box link beam with shear behavior is theoretically 
obtained from the Eq. (4) [10]. 

b′

f

tf
≤ 1.00

̅̅̅̅̅̅
E

Fyf

√

(4) 

Bruneau and Berman [11] similar to Popov et al.’s [5] studies on I- 
shaped link beams, determined the maximum distance between the in
termediate stiffeners in the box link beam in order to prevent shear 
buckling in the web and to ensure stable hysteresis behavior, according 
to the maximum demand of the expected plastic rotation in the link 
beam as Eqs. (5) and (6) for two conditions with a stiffener distance less 
or greater than the depth of beam [10]. 

a
tw

+
1
8

d
tw

= CB a ≤ d (5)  

a
d
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
5.34

⎛

⎜
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⎝

γu

(

d
tw

)2

4.35

⎞

⎟
⎟
⎟
⎠

− 4

√
√
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√
√
√
√
√
√
√

a > d (6) 

CB is determined according to the amount of inelastic limit rotation 
in the link beam and for rotations 0.08 and 0.02 rads are considered to 
be 20 and 37, respectively. 

The minimum cross-section of stiffeners is obtained from the Eq. (7) 
in order to prevent buckling when it forms a tension field in the web of 
box link beam [10]. 

Ast ≥
Fuwtwa

0.828Fyst

⎛

⎜
⎜
⎝1 −

a
d̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
(

a
d

)2
√

⎞

⎟
⎟
⎠ (7) 

Bruneau and Berman [11] also using finite element modulation and 
conducting multiple tests provided the permissible compactness ratios 
for flanges and webs of box link beams with yield stresses between 250 
and 450 MPa, according to Table 1. 

According to Table 1, in the link beams with the compactness ratio of 

the web less than 0.64
̅̅̅̅̅
ES
Fyw

√
, there is no need to use the intermediate 

stiffeners and also with the increase of the compactness ratio of the web 

than 1.67
̅̅̅̅̅
ES
Fyw

√
, the use of the intermediate stiffeners cannot prevent the 

buckling of the web. In intermediate and long link beams, the mode of 
failure is often in the form of flange buckling, and consequently the use 
of intermediate stiffeners has little effect on increasing the buckling 
capacity of the flange and dissipating energy. 

1.2. Link overstrength 

Overstrength factor is defined as the ratio of maximum shear force in 
the hysteresis curve to the amount of plastic shear force in the short link 
beam or the ratio of the maximum moment at the end of the link to the 
plastic moment of the section in the intermediate and long link beam. 
The amount of overstrength factor is often higher for the shear link 
beams than the bending and intermediate types. Overstrength changes 
as a function of the compactness ratio of the web in the short link beam 
and as a function of the flange compactness ratio in the long link beam. 
As mentioned, in the eccentrically braced frame, the force-controlled 
components are designed based on the capacity of the link beam; To 
this end, other components should be designed for the maximum force 
created in the link beam, taking into account the types of factors that 

Fig. 2. Fracture in the link beam with intermediate stiffener [8].  

Table 1 
Permissible compactness ratios in box link beams.  

Link beam 
behavior 

Compactness ratio Maximum allowable compactness 
ratio 

Shear 

Flange 
b′

tf  
1.00

̅̅̅̅̅̅
E

Fyf

√

web 
d′

tw 
(with stiffener)  1.67

̅̅̅̅̅̅̅
E

Fyw

√

web 
d′

tw 
(without 

stiffener)  
0.64

̅̅̅̅̅̅̅
E

Fyw

√

Intermediate 
flange 

b′

tf  
0.64

̅̅̅̅̅̅
E

Fyf

√

web 
d′

tw  
0.64

̅̅̅̅̅̅̅
E

Fyw

√

Flexural 
flange 

b′

tf  
0.64

̅̅̅̅̅̅
E

Fyf

√

web 
d′

tw  
0.64

̅̅̅̅̅̅̅
E

Fyw

√
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create overstrength in the link beam. Factors that create overstrength 
are: strain hardening of link beam materials, expected yield stress of the 
materials to nominal yield stress ratio (coefficient in Ry in AISC seismic 
provisions), flange participation in shear bearing, and effects caused by 
composite behavior of beam and slab. 

According to experimantal studies, link beam is able to provide a lot 
of strain hardening. The test shows the value of overstrength in I-shaped 
link beam for ASTM A992/A992M steel between 1.2 and 1.45; Also, the 
overstrength coefficient for ASTM A36/A36M is considered to be 1.5. In 
2014, Mohebkhah et al. [12], using numerical modeling, conducted 
studies on the overstrength coefficient of I-shaped shear link beams and 
found that overstrength factor provided by the U.S. Steel Structures 
Design codes for link beams is non-conservative and suggested over
strength factor for shear link beams between 1.53 and 1.77. According to 
Cheng et al. [13] by reducing the normalized length of the link beam, the 
flange’s participation in tolerating of shear forces increases and thus the 
overstrength factor of the link beam increases. 

In large bridges, the value of overstrength factor has been reported 
up to 2, indicating the effect of the geometry of the link beam on the 
value of the overstrength factor. Berman et al. [11] showed that the 
overstrength factor due cyclic strain hardening for box link beam was 
11% higher than I-shaped link beam. The maximum expected shear in 
the link beam (Vult), is calculated from multiplying the amount of plastic 
shear (Vp) and the cyclic hardening coefficient (Ω), and the ratio of 
actual yield stress to nominal yield stress (Ry) in accordance with the Eq. 
(8) [11]. 

Vult = ΩRyVp (8) 

According to AISC 341–16 [3], the cyclic hardening coefficient for I- 
shaped link beams is 1.25 and in box link beam is considered to be 1.4. 

1.3. Low yield point steel 

In general, the steel used in structural components designed to 
dissipate earthquake energy hysteretically, should have characteristics 
such as low yield stress, high ductility and high energy dissipation 
capability, stable hysteresis cycles, suitable low cycle fatigue charac
teristics, and sufficient elastic stiffnesss for stability against wind and 
small earthquakes [14]. Reducing the yield point of the steel used in the 
passive dampers of structures, facilitates the possibility of earlier 
yielding of the dampers than other force-controlled elements of the 
frame. Considering the equality of elasticity modulus of low yield point 
steels and reducing their yield point compared to conventional steels, 
the problem of non-participation of passive metallic yield dampers in the 
dissipation of structural energy in small lateral displacements can be 
reduced, because yield strain in low yield point steels is far less than 
conventional structural steels. Also, by yielding of the steel dampers in 
small lateral displacements, the structure becomes softer and its time 
period increases, which can also reduce the base shear in the structure. 
In 1986, Japanese researchers began working on the production of steel 
with the aforementioned specifications, for the sake of using in struc
tural fuses. To this end, by reducing the amount of alloys used in steel, 
combining nitrogen and carbon using alloys such as titanium, rolling 
control and steel operation by controlling the temperature after rolling 
and increasing the size of crystals, low yield point steel, called LYP100, 
was first manufactured by Japanese company Nippon Steel [14]. After 
Japan, researches in China also led to the construction of low yield point 
steel, with nominal yield stresses of 100, 160, and 225 MPa, which were 
widely used in the design of structural fuses [15]. 

According to Yamaguchi et al.’s research [16], low yield point steel 
made in Japan has nominal yield stress between 85 and 120 MPa and 
ultimate stress of 200 to 300 MPa and its modulus of elasticity is equal to 
conventional construction steel. The ultiamte strain in this type of steel 
is more than 50%, which indicates high ductility and the ability to 
withstand high strains. By changing the thickness of this steel, the yield 
stress of the samples changes in a small range, and also this steel shows a 

significant isotropic strain hardening. The ratio of yield stress to ulti
mate stress in this type of steel is 0.34, which allows proper redistri
bution of force after its yielding. Also due to the low amount of carbon, 
this type of steel shows a good weldability. 

Gang Shi et al. [15] in 2017 investigated the mechanical properties 
and constitutive model of low yield point steel made in China under 
monotonic and cyclic loading and presented the parameters of the strain 
hardening model for these materials. The ratio of yield stress to ultimate 
stress for low yield point steel LY100, LY160, and LY225 was 0.51, 0.63, 
and 0.66, respectively. Gang Shi et al. [17] also observed that the ulti
mate strain of the mentioned steels was more than 40%, indicating their 
proper ductility capacity. 

Dusicka et al. [18] loaded a large number of different types of steel 
under cyclic loading and observed that low yield point steel showed 
considerable strain hardening in cyclic loading. According to this 
research, the maximum ultimate stress observed for low yield point steel 
under cyclic loading is 4.8 times its yield stress, which is about 2.5 times 
more than that for conventional structural steels. 

According to Nakashima et al.’s studies [19] on shear panels made of 
low yield point steel, taking into account considerable strain hardening 
in low yield point steel, the amount of energy dissipation in this type of 
steel compared to steel with equal yield stress and elastic perfectly 
plastic behavior is about 1.5 to 2 times more. Also, using low yield point 
steel in shear panels, Nakashima et al. observed that the hysteresis 
behavior of the structure becomes more stable and the shear buckling of 
the plate is more delayed than conventional steels. The strain hardening 
of the low yield point steel causes that after yielding, the lateral stiffness 
of the frame does not drop severely so as to prevent the creation of soft 
storey in the structure [20]. 

Li-Yan et al. [21] in 2015 studied the behavior of a shear panel using 
low yield point steel LYP160 made at BAO Steel company in China and 
suggested a compactness ratio of shear panel to eliminate stiffeners, 
between 25 and 35. They observed that strain hardening in the 
mentioned steel, on the one hand, increases energy dissipation and, on 
the other hand, causes overstrength up to 3.7 in shear panel. 

De Matteis et al. [22] studied the use of low yield point steel shear 
panels in the moment resisting frame in order to increase its lateral 
stiffness and damping, and observed the use of low yield point steel 
shear panels can reduce the interstorey drift by about 50% and reduce 
damage to the main members in the moment resisting frame, and also by 
using low yield point steel and removing stiffeners in shear panel, early 
buckling of shear panel can be prevented. 

Chen et al. [23] conducted an experimental and numerical study on 
steel shear walls with boundary elements made of ordinary structural 
steel and shear panel made of low yield point steel in order to remove 
stiffeners. They observed that using low yield point steel with a 
compactness ratio of less than 80 and removal of stiffeners, the shear 
wall is able to behave properly to the lateral interstorey drift between 
3% and 6%. It is also possible to reduce the incidence of Pinching 
phenomenon. According to Bahrebar et al.’s studies [24], using steel 
with yield point of 100 MPa in steel shear wall, the maximum 
compactness ratio of the wall can be increased by 62% and 86% 
compared to ASTM-A36 and ASTM-A572 Gr50, respectively, without 
any stiffeners. 

Dusicka et al. [25] conducted experimental studies as well as 
modeling on I-shaped link beams made of steels of yield stress between 
100 and 485 MPa and observed that by using low yield point steel and 
elimination of intermediate stiffeners in the I-shaped link beam, the 
stress distribution in the link beam was uniform and stress concentration 
and damage in the vicinity of the intermediate stiffeners in the link beam 
is prevented so that the ductility of the I-shaped link beam made of low 
yield point steel can be increased by about 70%. They also observed that 
by using low yield point steel in the web of the I-shaped link beam, the 
overstrength of the link beam reached 4.9. 

According to Wang et al. [26], the use of low yield point steel in the 
core of buckling restrained braces leads to an increase in energy 
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dissipation and more ductility. They also presented combined strain 
hardening parameters for LYP100 steel. Chen et al. [27] studied the 
behavior of concentrically braced frame with buckling restrained brace 
made of low yield point steel, and observed that the use of low yield 
point steel in the core of the buckling restrained brace causes yielding in 
lower strains and, so that the energy dissipation of the braces begin in a 
lower drift. Due to the considerable strain hardening of low yield point 
steel, the maximum bracing force up to about 2.44 times its yield force 
and its ultimate length change is about 24 times the deformation cor
responding to the steel core yield. 

Al Kajbaf et al. [28] in 2018 studied posttentioned energy absorbing 
connections. Using low yield point steel at the seat angels, they observed 
that the interstorey drift corresponding to the fracture of angels 
increased from 4% to 7%, and the energy dissipation in the connection 
increased between 38% and 222%. 

In 2013, Zirakian et al. [29] studied the buckling behavior of steel 
plates made of low yield point steel whithout stiffeners. Due to the low 
yield stress in this type of steel, the permissible maximum compactness 
ratio for buckling of plate after its yield, for simple and rigid boundary 
conditions is 58% and 86% more than A572 GR50 steel, respectively. 
Also, due to the considerable strain hardening of LYP100 steel, the 
tangent modulus after yielding is higher than conventional steels, which 
increases the critical stress of non-elastic shear buckling. 

2. Modeling of finite elements 

In general, there are three general methods for solving the problems 
in civil engineering, including (a) empirical method, (b) exact solution, 
and (c) numerical method. The finite element method is known as the 
numerical method of solving problems and is known as the approxi
mation method for the problems of the continuum, which divides the 
continuum into a limited number of parts. In this way, the behavior of 
each part is characterized by a limited number of effective parameters 
and the differential Equations often determine the relationships between 
these parameters. The behavior of the whole investigated system is 
derived from the the assembling of the members of the whole system. 
Abaqus software is one of the finite element softwares that is used in 
solving various engineering problems, so that the software can solve 
problems ranging from simple linear analysis to the most difficult non- 
linear problems. 

2.1. Verification of modeling accuracy 

To evaluate the accuracy of the finite element modeling, a sample of 
a box link beam without intermediate stiffeners and another sample 
with intermediate stiffeners tested by Berman et al. [11] were used in 
order to compare the test results with the results of finite element 
modeling. The cross-section specifications of the samples as displayed in 
Fig. 3 are presented in Table 2. 

The length characteristics of the samples are also presented in Fig. 4. 

The normalized length of link beams in both samples is considered to be 
1.2; The difference between the two samples is the use of intermediate 
stiffeners, which the X2L1.2 sample has intermediate stiffeners and the 
X3L1.2 sample lacks it. In the sample with intermediate stiffeners, the 
width of the intermediate stiffener is 66.7 mm and their thickness is 9.5 
mm. 

To prevent the residual stress and stress concentration at the end of 
the flanges, the end stiffeners are not welded to the flanges of the link 
beam. Also, In order to gradually change the cross-section of the link 
beam and avoid possible fractures, the haunches are placed at the two 
ends of the link beam, which due to the strengthening of the link beam in 
the areas with haunches, yielding and non-elastic behavior is limited to 
the non-haunched area in the link beam. 

In order to model the studied samples, the incompatible solid ele
ments of C3D8I have been used. It should be noted that in solid elements 
with reduced integration (C3D8R), only degrees of transitional freedom 
are considered and there is no degree of rotational freedom in the nodes 
of these elements. So in this study, incompatible solid elements with 
modified formulations have been used to consider rotational changes in 
the elements. The meshed form of the samples is presented in Fig. 5. 

Considering the fact that existence of geometric imperfection and 
residual stress due to the process of production, welding, transportation, 
etc. is unavoidable, in order to increase similarity of modeling to real 
conditions, it is necessary to consider geometric imperfection in the 
modeling. In order to determine the size of geometric imperfection, 
different studies have presented different results, but according to EN- 
1993-1-5 [30] the size of the initial geometric imperfection is limited 
to 1/200 of the smallest side of plates. Also, often the shape of geometric 
imperfection is determined in accordance with the first modes of the 

Fig. 3. Geometric parameters of the box link beams.  

Table 2 
Sample specifications.  

Sample b (mm) tf (mm) d (mm) tw (mm) 

X2L1.2 209.6 12.7 266.7 6.4 
X3L1.2 238.1 22.2 158.8 12.7  

(a) (b)

Fig. 4. Specifications of (a) Sample X2L1.2; (b) Sample X3L1.2.  

(a) (b) 

Fig. 5. How to mesh samples; (a) The meshed form of the sample X2L1.2; (b) 
The meshed form of the sample X3L1.2. 
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elastic buckling. 
In order to analyze the above samples, considering the remarkable 

non-elastic behavior in the samples and for better convergence during 
analysis, the method of dynamic implicit in the quasi-static form has 
been used. 

2.1.1. Models boundary conditions and loading 
In order to simulate the actual boundary conditions of the link beam 

in the eccentrically braced frame, the test setup is set in a way to prevent 
the rotation of the two ends of the link beam; Also, in order to not create 
axial force in the link beam, the degree of transitional freedom in the 
axial direction is set free at one end of the link beam. Loading in the 
samples has been performed as a transitional displacement, perpendic
ular to the longitudinal axis on the link beam in accordance with the 
loading protocol provided in AISC 2002 seismic provisions for link 
beams. The boundary conditions of the samples are displayed in Fig. 6. 

The mentioned protocol is presented in terms of the rotation of the 
link beam, which in order to convert the rotation to vertical displace
ment at the end of the link beam, the values of the rotation mentioned in 
the loading protocol should be multiplied by the length of the link beam. 
The intended loading protocol is displayed in Fig. 7. 

2.1.2. Material specifications 
In the seismic design of the structures, it is expected that the ductile 

members in the structures will be able to withstand the big cyclic non- 
elastic deflections for the purpose of energy dissipation in the severe 
earthquakes; Therefore, proper modeling of the non-elastic behavior of 
structural fuses when using finite element softwares is of particular 
importance. In general, time independent plasticity is subject to three 
factors: yield criterion, flow rule, and strain hardening rule of materials. 
In general, the steel used in the structures is subjected to multi-axial 
stress conditions, therefore, there is a need for criterias for deter
mining steel yield under different stress conditions. One of the most 
widely used yield criteria in steel is von-Mises yield criterion. Von-Mises 
stated that the yield criterion in metals were independent of the hy
drostatic stresses inflicted on them and presented his yield criterion 
based on the second invariant of the deviatoric stress tensor. Von-Mises 
finally, by defining the equivalent von-Mises stress for isotropic mate
rials in accordance with the Eq. (9), stated that when this stress reaches 
the stress of uniaxial yielding of the material, yielding occurs. 

σe =
1̅
̅̅
2

√
[(

σx − σy
)2

+
(
σy − σz

)2
+ (σz − σx)

2
+ 6
(

τ2
xy + τ2

xz + τ2
zy

) ]1
2 (9) 

In the above Equation, σ represents the axial stresses and τ represents 
shear stresses of the intended element. 

After satisfying the yield criterion in the elements of the material, the 
intended element is yielded and the plastics strains in the intended 
element are increased. Flow rule is used to determine the ratios of plastic 
strain tensor components in elements. 

Strain hardening determines how to change the yield surface after 
the primary yielding. According to the studies, in order to model strain 
hardening in steel, depending on the type of loading, three types of 

isotropic, kinematic, and combined hardenings are common. In isotropic 
hardening, after reaching the initial yielding, the size of the yield surface 
is enlarged in all directions equally; While in kinematic hardening, the 
size of yield surface is constant and the yield surface is moved as a rigid 
surface. In combined hardening, a combination of the two mentioned 
behaviors does exist. The use of Isotropic hardening alone is not 
appropriate due to the inability of Bauschinger effect modeling in cyclic 
loading. In this study, combined hardening model was used to model the 
strain hardening of steel. 

For all kinds of strain hardening, numerous models are presented. 
Prager presented the linear kinematic hardening for use in cyclic load
ings [31]. Prager’s strain hardening is capable of modeling Bauschinger 
effect, but by using this model, the transition behavior from elastic to the 
plastic zone is not properly modeled. For the purposes of the deficiencies 
in the linear strain hardening of Prager, Armstrong and Frederick [32] 
presented a non-linear kinematic hardening. Finally, Chaboche et al. 
[33] in order to improve the accuracy of the Armstrong and Frederick 
model in different intervals of plastic strain, from the interaction of 
several Equations of Armstrong and Frederick, presented Eqs. (10) and 
(11) for kinematic hardening. 

αk =
Ck

γk

[
1 − e− γkεp ]

+αk
0e− γk(εp) (10)  

α =
∑n

k=1
αk (11) 

The amount of α0
k is equal to 0 and − CK

γk

(
1− e− γk∆εp

1+e− γk∆εp

)

for monotonic and 

cyclic loadings respectively. In order to model hardening with appro
priate accuracy, the use of at least 2 backstresses has been suggested by 
researchers. Also, Chaboche et al. [33] presented the size of the yield 
surface similar to Voce studies [34], using Eq. (12) in order to provide 
combined hardening. 

σ0 = σ|0 +σ0
∞

(
1 − e− bεp

eq

)
(12) 

In above Equation, b is a constant of the materials. 

2.1.2.1. Calibration of chaboche’s combined hardening parameters. In 
order to use Chaboche’s hardening model, it is necessary to introduce 
the Ck, γk, σ0

∞, and b parameters which can be determined from the 
uniaxial cyclic and monotonic tests on the materials under investigation. 
In the first step, the σ0

∞ and b parameters (related to the Isotropic 
hardening) should be determined (parameter σ|0 shows the stress cor
responding to zero equivalent plastic strain in constant strain cyclic test, 
and its value can be considered equal to the proportional limit of steel in 
the tensile test). To this end, the uniaxial cyclic test with constant strain 
is required (Fig. 8). It is worth noting that the steel used in the sample 
X2L1.2 flange is similar to the steel used in link beam of X3L1.2 sample. 

After determining the isotropic strain hardening parameters, the Fig. 6. Boundary conditions of the verification samples.  
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Fig. 7. Loading protocol used for verification.  
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kinematic hardening parameters should be determined. To this end, 
both monotonic and cyclic testes were used. The cyclic test with con
stant strain is used to determine the kinematic hardening parameters in 
the small plastic strains range and the monotonic test is used to deter
mine the parameters in the larger plastic strains. True strain-stress dia
gram of the materials used in the samples is shown in Fig. 9. 

To calculate the kinematic hardening from the constant strain cyclic 
test, stabilized cycle should first be determined. A stabilized cycle is a 
cycle that after that, the shape of strain-stress curve doesn’t change 
(Fig. 10). In fact, in the stabilized cycle, the isotropic hardening value is 
saturated and its value is constant, and for the same reason in this cycle, 
hardening is only caused by kinematic hardening. 

The values of Ck and γk can be determined by trial and error using the 
least square method. at last, The values of the obtained parameters in 
Chaboche’s combined hardening are listed in Table 3. 

The results of finite element modeling and experimentation are 
shown in Fig. 11. 

3. Elimination of the intermediate stiffeners in the box link 
beam 

Limitation of the compactness ratios of webs and flanges in the box 
link beam and also the overstrength factor provided by Berman and 

Bruneau [11], are determined for steels with yield stresses of 250 to 450 
MPa, so it is needed to review the limitation of the compactness ratio 
and overstrength factor for box link beam with low yield point steels. In 
this study, two types of low yield point steel made in Japan and China 
whose mechanical properties are available in the literature, have been 
modeled as web of box link beam. In the design of eccentrically braced 
frame in accordance with the codes of structural design such as U.S. steel 
codes and Eurocode, shear link beam should be designed against Design 
Based Earthquake and earthquakes smaller than that as elastic in 
accordance with the Eq. (13). So, assuming the earthquake demand is 
equal in the verified link beam with the yield stress of 345 MPa and two 
types of steel with yield stresses of 85 and 128 MPa, in order to create the 
equal elastic capacity against the Design Based Earthquake, the thick
ness of web with low yield point steels should be 4.06 and 2.69 times 
more than steel with yield stress of 345 MPa, respectively. 

Vu ≤ ∅Vn,Vn = 0.6⋅Aw⋅Fyw (13) 

In the design using the above method, attention is not paid to the 
plastic behavior and due to the significant cyclic hardening in low yield 
point steel, the amount of overstrength factor in this type of steel is more 
compared to the values mentioned in the AISC 341–16 for more con
ventional steels, which can lead to more forces and also non-elastic 
behavior in braces, out-side-link beams, columns, and connections. 
Considering the difference in overstrength factor of link beam made of 
low yield point steel in the web, the net web area of the samples has been 
determined in such a way that the maximum shear force generated 
under cyclic loading in the link beam equals the validated sample with 
intermediate stiffeners. According to preliminary studies, the net area of 
the beams when using J-LYP100 and C-LYP100 steels should be 
considered about 4528.72 and 4850.87 mm2, respectively. The length of 
all studied link beams is similar to the X2L1.2 sample equal to 648 mm 
and the behavior of all of them is shear yielding. 

Fig. 8. Constant strain cyclic test.  
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Fig. 9. True stess-strain diagram of the materials used in link beam.  

Fig. 10. Stabilized curve chart.  

Table 3 
Combined hardening parameters of web and flange.   

X2L1.2 Sample web X2L1.2 Sample 
Flange 

X3L1.2 Sample 
Flange 

C1 (MPa) 42,900 29,100 15,680 
C2 (MPa) 4500 1596 1400 
C3 (MPa) 680 187 846 

γ1 600 300 280 
γ2 90 13.3 35 
γ3 2 1.7 4.7 

σ|0 (MPa) 345 345 345 
σ0

∞ (MPa)  22 50 81.7 
b 5.4 2 2.3  
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3.1. Investigation of different specifications of box link beam made with 
two types of low yield point steel 

In this study, in order to better compare the responses of box link 
beams made of low yield point steel in web with X2L1.2 sample, in all 
modeling, mechanical properties of flange steel were selected similar to 
X2L1.2 sample flanges. For the steel used in web of box link beam, two 
types of low yield point steel, one low yield point steel made in Japanese 
company Nippon Steel and the other low yield point steel made in 
Chinese company Bao Steel, have been used. In order to observe the 
abbreviation in naming samples, from now on low yield point steel made 
in Japan is characterized as J-LYP and steel made in China as C-LYP. The 
mechanical properties of the steels used in the link beam samples are 
listed in Table 4. 

According to AISC 341–16 in link beams with shear yielding 
behavior, the web and flange of link beam should be seismic compact 
with high ductility and seismic compact with moderate ductility, 
respectively. Berman and Bruneau [11] modeled link beams with finite 
element by changing the compactness ratio of flanges and webs with 

steels of yield stress between 250 and 450 MPa in order to investigate 
the maximum permissible compactness ratio in the flanges and webs of 
link beam. In this research, different characteristics of box link beam 
have been investigated by changing the compactness ratio of flanges and 
webs. The maximum compactness ratio of web in link beam without 
stiffeners is limited to 0.64

̅̅̅̅̅̅̅̅̅̅̅̅
E/Fyw

√
according to Berman and Bruneau 

researches. The investigated compactness ratios of box link beam with 
low yield point steel are shown in Table 5. 

According to Berman and Bruneau’s [11] studies on flange buckling 
in box link beams, it was observed that if the axial stresses caused by the 
bending moment at the end of the link beam flanges exceeds 1.29 times 
of the flange material yield stress, the occurrence of flange buckling at 
the end of the link beam is likely. Also, in order to prevent the 
destruction of the flanges of the link beam caused by fatigue when 
entering the cyclic loads and large strains that form during these cycles, 
the design codes limit the end moments of the link beams to 1.2 times 
the plastic moment of the cross section. Considering the mentioned 
limitations for the moment value at the end of the link beam, the di
mensions of the flanges in the modeled samples are conservatively 
adjusted in such a way that the amount of moment created in the flanges 
at the end of the link beam is limited to 1.2 times of the plastic flange 
moment according to the Eq. (15) (the stress created in the materials at 
the end of the flange is less than 1.2 times the yield stress of the 
materials). 
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Fig. 11. Comparison of experimental and modeled hysteresis curves; (a) Hysteresis diagram of modeling and test of X2L1.2 sample; (b) Hysteresis diagram of 
modeling and test of X3L1.2 sample. 

Table 4 
Elastic and plastic properties of steels used in modeling.  

Steel Type A572 Gr.50 J-LYP100 C-LYP100 

Modulus of elasticity (GPa) 200 200 200 
Poisson’s ratio 0.3 0.3 0.3 

Density (
Kg
m3)  7850 7850 7850 

Yield Stress (MPa) 345 85 128 
σ0

∞ (MPa)  50 198 145 
b 2 5 6 

C1 (MPa) 29,100 32,123 2850 
γ1 300 850 300 

C2 (MPa) 1596 630 1260 
γ2 13.3 89 195 

C3 (MPa) 187 128 1670 
γ3 1.7 20 90 

C4 (MPa) – 482 330 
γ4 – 0.5 2  

Table 5 
Compactness ratios in modeling.  

Flange Compactness 
Ratio 

C-LYP100 
Web Compactness ratio 

J-LYP100 
Web Compactness ratio 

8 12 12 
12.5 15.4 15.4 
17 16 16.5 
21 18 18 
25 21 21 
40 25.3 24  

− 31  
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MP = MPf +MPw (14)  

MPf = Fyf ⋅b
′

f ⋅tf ⋅
(
d − tf

)
(15)  

MPw = Fyw⋅
tw⋅d2

2
(16) 

In order to distinguish between the names of the samples, the 
beginning of the name of each model, starts with the type of low yield 
point steel used in the web, then the compactness ratio of the web, and 
finally the ratio of the flange compactness is added. In order to model the 
samples in Abaqus software, concerning the small thickness of the 
plates, 8-nodes and second order S8R5 shell elements have been used. 

Richards et al. [35] showed in 2003 that the AISC 2002 seismic 
provisions loading protocol imposed a 60% more cumulative plastic 
strain on link beams than the samples studied under seismic loading, 
which is why the behavior of the link beam may be unrealistic by using 
the mentioned loading protocol. To modify the AISC 2002 seismic pro
visions loading protocol, Richards et al. provided a new loading protocol 
by investigating the link beams’ behavior under different earthquakes so 
that the new loading protocol was added into this codes from the AISC 
2005 version. Comparison of the aforementioned loading protocols is 
presented in Fig. 12. 

In the modeling of all samples, in order to consider the initial geo
metric imperfection in the model, first, the eigenvalue analysishas been 
performed and the imperfection size is 1/200 times of the smallest net 
width of the flange and web in the modeling. 

3.2. Important parameters in the study of the responses of link beams 

Since shear in short link beams is classified as a displacement 
controlled component, rotational shear capacity in this type of link beam 
is considered as one of the most important criteria for investigating the 
response of link beams. The maximum amount of non-elastic rotation in 
the AISC 341–16 is limited to 0.08 rads in order to prevent the complete 
destruction of concrete slab above shear link. In Berman and Bruneau’s 
[11] studies, the maximum permissible rotation (0.08 rads) in the link 
beam is considered as the target rotation in order to determine the 
limitations of compactness ratios in the link beam. The limit rotational 
capacity of a link beam is determined as a plastic rotation in which the 
shear force in the Backbone curve of the hysteresis diagram reaches to 
80% of the maximum shear force. In fact, in the above definition, the 
strength degradation of the link beam is ignored by 20% in calculating 
the limit rotational capacity of the link beam. The compactness ratio of 
web in the intended link beam is acceptable if the limit rotational ca
pacity of the link beam is higher than the target rotation (0.08 rads). 

One of the other important parameters in the behavior of link beams 
is their overstrength factor. As mentioned above, isotropic strain hard
ening in low yield point steel is several times more than conventional 
structural steels, which can significantly increase the overstrength factor 
in link beams made with low yield point steel. Regardless of the over
strength of low yield point steel link beams, the design of eccentrically 
braced frame force-controlled elements is done non-conservatively, 
which can cause damage to these elements and disrupt the response of 
the structure. According to Berman and Bruneau’s studies, in addition of 
webs, flanges of the link beam also contibute in shear capacity. There
fore, in order to determine the plastic shear capacity of link beam, in 
addition to the Eq. (13), they also provided three other Equations. 

3.2.1. Method 1: Considering box links corners in shear capacity 
In this method, in addition to the pure depth of the web, it is assumed 

that the cross-section corners in the box link beam are also able to 
withstand the shear, and thus in this method, instead of using the pure 
depth of the web, the total depth of the beam is used in calculating the 
plastic shear capacity of the cross-section according to the Eq. (17). 

Vp1 =
2̅
̅̅
3

√ Fywtwd (17)  

3.2.2. Method 2: Considering the share of shear tolerated by flanges 
In this method, it is assumed that after the formation of flexural 

plastic hinges in the flanges, they begin to tolerate some shear. Berman 
and Brunean presented the plastic shear capacity in the box link beam, 
taking into account the shear capacity of the beam flanges and assuming 
the yield stress of flanges equal to that of webs. In this study, considering 
the difference in steel yield stress in the flanges and webs of the studied 
samples, the plastic shear capacity of the cross-section is presented with 
the assumption of different yield stresses in the flanges and webs in 
accordance with the Eqs. (18) and (19). 

Vp2 = VP + 2Vf (18)  

Vf =

[

1 −
(

0.49Fywtwe
Fyf (b − 2tw)tf +Fywtwtf

)2
]

×

(
Fyf (b − 2tw)t2

f

2e
+

Fywtwt2
f

e

)

(19)  

3.2.3. Method 3: Using the shear strength equation of the panel zone 
In this method, the shear capacity of the box link beam is determined 

similar to the shear capacity of the panel zone in the moment resisting 
frame according to the Eq. (20). 

Vp3=1.1Fywdtw

(

1+
1.725bt2

f

edtw

)

(20) 

In this research, the amount of cyclic hardening coefficient is pre
sented by calculating the ratio of maximum shear force to the plastic 
shear capacity of the box link beam by using the above four methods. 

In Eurocode, unlike AISC seismic provisions, the bending capacity of 
the web in bearing the imposed moments on the link beam cross-section 
is excluded. In this research unlike Eurocode, Considering the contri
bution of web in moment bearing capacity of the cross-section in box 
link beams made of low yield point steel in the web, the flexural over
strength of the web can also be investigated. Although the yield stress of 
flange is greater than the yield stress of web made of low yield point 
steel, but the modulus of elasticity of two types of steel is equal; there
fore, when the flanges reach the yield strain, the axial strain in the 
highest fibers of the web is almost equal to the yield strain of the flange, 
which is also several times the yield strain of the low yield point steel. 
So, due to the considerable strain hardening of low yield point steel, 
stress up to several times the yield stress of web are created in it 
(Fig. 13). For this reason, the ratio of the maximum moment generated 
in the web at the end of the link beam to the web plastic moment (Eq. 
(15)) is one of the parameters investigated in the box link beam. Fig. 12. Comparison of link beam loading protocols in AISC 2002 and AISC 

2005 seismic provisions [11]. 
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It is worth noting that due to the interaction between the shear and 
bending, the moment at the end of the web cannot exceed a certain 
amount. 

One of the other effective parameters in the performance of link 
beams is their energy dissipation. More energy dissipation in the 
structure increases damping and decreases the structural response. In 
this study, the amount of energy dissipation by link beams up to the 0.08 
rads compared to the energy dissipation of X2L1.2 sample was investi
gated. If the rotational capacity of the sample is less than 0.08 rads, the 
energy dissipation of the sample is presented up to its rotational 
capacity. 

In general, in addition to appropriate energy dissipation, link beams 
must have a good elastic stiffness to reduce the structural response 
before yield occurs in it. The effective stiffness of link beams in FEMA- 
356 code [36] is obtained from the combination of shear and bending 
stiffness according to the Eq. (21). 

Ke =
KsKb

Ks + Kb
(21) 

The bending and shear stiffness of the link beam is obtained from 
Eqs. (22) and (23). 

Kb =
12EIb

e3 (22)  

Ks =
GAw

e
(23)  

3.3. Results 

Different specifications of box link beams with low yield point steels 
J-LYP100 and C-LYP100 modeled in Abaqus software are presented in 
Tables 6 and 7. 

Considering the rotational capacity values of the modeled samples, it 
can be observed that by decreasing the compactness ratio of the web, the 
rotational capacity of the samples generally increases. Flange 
compactness ratio does not have a completely specific trend with rota
tional capacity of samples, but it can be stated that in general, by 
decreasing the flange compactness ratio, the rotational capacity of the 
samples increases. The rotational capacity of modeled samples is pre
sented by changing the compactness ratios of webs and flanges in 
Fig. 14. It is worth noting that the rotational capacities presented in 
some samples due to lack of fracture modeling is calculated to be more 
than 0.2 rads. 

According to the presented results, the maximum permissible 
compactness ratio of web in box link beams made of low yield point 
steels made in Japan and China, in order to be of acceptable rotational 
capacity of link beam without intermediate stiffener is 24 and 21, 

respectively which is equivalent to 0.5
̅̅̅̅̅
E

fyw

√
and 0.53

̅̅̅̅̅
E

fyw

√
(If the flange 

compactness ratio is equal or less than 25). Also, the maximum 
compactness ratio of the web for the mentioned steels was obtained for 
16.5 and 16 to prevent any stiffness and strength degradation up to 0.08 
rads, respectively (With flange compactness ratio equal or less than 25). 
It is worth noting that due to the removal of intermediate stiffeners in 
the box link beam and due to the low flexural stiffness of the flanges, 
after shear buckling of the web plates, the tension field causes the for
mation of plastic hinges in the flange of the link beam (with a flange 
compactness ratio of less than 25) and thus it is not possible to create a 
full tention field action and the link beam mechanism is done through 
the creation of the shear plastic hinge. In samples with a flange 
compactness ratio greater than 25, flange buckling determines the ul
timate state of the cross-section (Fig. 15) so the maximum flange 
compactness ratio in the box link beam is suggested in accordance with 
the theoretical Equations provided by Berman and Bruneau [10] equal 
to 

̅̅̅̅̅
E

Fyf

√
. 

According to the results obtained in models with suitable compact
ness ratio of web, the link beam energy dissipation up to 0.08 rads is 
larger than the energy dissipation of the sample having intermediate 
stiffeners and with conventional steel in the web (sample X2L1.2). In 
general, by increasing the compactness ratios of flanges and webs of the 
link beam, the energy dissipation of the samples decreases up to 0.08 
rads, but the effect of changing the compactness ratio of the web on the 
energy dissipation of the samples is more significant. Change of the 
energy dissipation of the studied samples by changing the compactness 
ratio of flanges and webs is shown in Fig. 16. 

In the fourth column of Tables 6 and 7, the ratio of elastic stiffness in 
samples modeled with low yield point steel to sample X2L1.2 is pre
sented. As can be seen, due to the increase in net web area compared to 
the reference sample in accordance with the Eq. (23), elastic stiffness has 
increased in all samples. By increasing the elastic stiffness, the defor
mation of the structure decreases before the link beam yields compared 
to the sample made of ordinary steel (assuming the equal lateral force 
caused by earthquake), but increasing the elastic stiffness of the frame 
can also increase the absorption of the structural force, which should be 
examined in the design. In general, by increasing the compactness ratio 
of the web and decreasing the flange compactness ratio, the elastic 
stiffness of the link beam increases. 

As mentioned above, considerable strain hardening in low yield 
point steels, on the one hand, leads to increased energy dissipation and, 
on the other hand, increases overstrength factor in structural fuses. 
Overstrength caused by cyclic hardening in box link beam with low yield 
point steel in web, in accordance with the four methods proposed in 
Berman and Bruneau’s research [11] in order to calculate the plastic 
shear capacity of the cross-section are presented in Tables 6 and 7. 

Fig. 13. Axial strain and stress distribution caused by pure bending moment at the end of the box link beam.  
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according to the values of overstrength factors obtained for box link 
beams made of low yield point steel, it is observed that these values are 
much higher than those obtained values provided in different design 
codes in order to design different members of the eccentrically braced 
frame on the basis of the link beam capacity. Change of the ratio of the 
maximum shear force created in the link beam to the shear plastic ca
pacity of the link beam (Eq. (13)) is shown in Fig. 17. 

As can be seen, by reducing the compactness ratio of the flange and 
the web, the amount of overstrength factor of link beam increases, and 
its value for samples of low yield point steel made in Japan is far more 
than the low yield point steel made in China. The average values of 
overstrength factor calculated with Eqs. (13), (17), (18), and (20) for 
samples with JLYP steel were 4.14, 3.6, 3.74, and 3.74, respectively, and 
for CLYP steel samples were 2.58, 2.25, 2.44, and 2.34, respectively. 
According to the AISC 341–16, the force-controlled components of the 
eccentrically braced frame with the box link beam should be designed 
for the shear force of the 1.4RyVP, in which the number 1.4 represents 
overstrength factor caused by the cyclic hardening of materials, Ry is the 
ratio of the expected yield stress to the nominal yield stress, and VP is the 
plastic shear capacity of the link. So, designing the dimensions of web 
with low yield point steel, based solely on its yield stress and with the 
same response modification factor, can lead to damage and non-elastic 
behavior in other components of the eccentrically braced frame and 
disrupting their behavior. To avoid this issue, the dimensions of the web 
plate made of low yield point steel should be determined in such a way 

that the maximum force created in the link beam made of ordinary steel, 
is equal to the maximum force created in the link beam made of low 
yield point steel. It is worth noting that among the Equations presented 
for calculating the plastic shear capacity in box link beams, the use of Eq. 
(17) makes the values of overstrength factor in the link beam indepen
dent of the flange compactness ratio as well as the lowest coefficients of 
variations around the average value, and therefore, the use of this 
Equation and the average values of overstrength factor presented for this 
Equation are suggested for design purposes. 

According to the above, due to differences in yield strain of flange 
made of ordinary steel and web made of low yield point steel in the box 
link beam, as well as considerable strain hardening in low yield point 
steel, the amount of moment at the end of the web of link beam is greater 
than the plastic moment of web in accordance with the Eq. (16). The 
values of the ratio of the maximum moment at the end of the web of link 
beam to its plastic moment are given in the last column of Tables 6 and 
7. In addition, the flexural overstrength of the web is generally increased 
by decreasing the compactness ratio of the web and flange, and the 
average value for JLYP and CLYP steels is 2.17 and 1.35, respectively. 

3.3.1. Box link beam with low yield point steel maximum normalized length 
for shear yielding behavior 

In determining the normalized length of the link beam in order to 
shear yielding behavior occur in it, AISC seismic provisions presented 
the length of the link beam according to the Eq. (24). 

Table 6 
Effective parameters in the responses of link beam made of J-LYP100 steel.  

Sample Name γup Relative 
energy dissipation 

Relative 
stiffness 

Ω1 

Eq. (13) 
Ω2 

Eq. (17) 
Ω3 

Eq. (18) 
Ω4 

Eq. (20) 
ΩMW 

Eq. (16) 

J-LYP-12-8 0.235 1.27 1.2 4.65 3.7 3.72 3.72 3.83 
J-LYP-12-12.5 0.24 1.23 1.13 4.5 3.72 3.79 3.79 3.4 
J-LYP-12-17 0.23 1.19 1.07 4.41 3.73 3.83 3.83 3.12 
J-LYP-12-21 0.21 1.15 1.04 4.34 3.73 3.85 3.85 2.84 
J-LYP-12-25 0.19 1.14 1.01 4.28 3.72 3.85 3.85 2.73 
J-LYP-12-40 0.135 1.02 0.93 4.04 3.61 3.77 3.77 2.35 
J-LYP-15.4-8 0.152 1.29 1.26 4.53 3.73 3.8 3.8 3.02 

J-LYP-15.4-12.5 0.155 1.25 1.19 4.41 3.75 3.86 3.86 2.63 
J-LYP-15.4-17 0.163 1.23 1.16 4.36 3.78 3.91 3.91 2.46 
J-LYP-15.4-21 0.143 1.21 1.12 4.26 3.75 3.9 3.9 2.23 
J-LYP-15.4-25 0.139 1.18 1.09 4.2 3.73 3.89 3.89 2.22 
J-LYP-15.4-40 0.131 1.07 1.02 4.02 3.65 3.85 3.85 2.01 
J-LYP-16.5-8 0.129 1.27 1.28 4.39 3.64 3.7 3.7 2.67 

J-LYP-16.5-12.5 0.132 1.23 1.21 4.26 3.66 3.77 3.77 2.33 
J-LYP-16.5-17 0.129 1.21 1.17 4.19 3.66 3.8 3.8 2.14 
J-LYP-16.5-21 0.137 1.2 1.14 4.2 3.72 3.88 3.88 2.08 
J-LYP-16.5-25 0.12 1.16 1.11 4.1 3.66 3.83 3.83 1.95 
J-LYP-16.5-40 0.111 1.11 1.07 4 3.63 3.8 3.8 1.94 

J-LYP-18-8 0.114 1.28 1.3 4.32 3.63 3.72 3.72 2.55 
J-LYP-18-12.5 0.121 1.26 1.23 4.23 3.66 3.79 3.79 2.19 
J-LYP-18-17 0.124 1.24 1.2 4.22 3.72 3.88 3.88 2 
J-LYP-18-21 0.111 1.2 1.16 4.09 3.65 3.82 3.82 1.89 
J-LYP-18-25 0.109 1.18 1.14 4.04 3.63 3.81 3.81 1.84 
J-LYP-18-40 0.111 1.1 1.07 3.94 3.62 3.82 3.82 1.68 
J-LYP-21-8 0.087 1.19 1.34 4.05 3.46 3.57 3.57 2.21 

J-LYP-21-12.5 0.096 1.2 1.28 4 3.52 3.66 3.66 1.89 
J-LYP-21-17 0.098 1.2 1.24 4.02 3.59 3.76 3.76 1.68 
J-LYP-21-21 0.089 1.15 1.21 3.89 3.51 3.69 3.69 1.63 
J-LYP-21-25 0.086 1.12 1.19 3.85 3.5 3.68 3.68 1.54 
J-LYP-21-40 0.086 1.07 1.12 3.79 3.51 3.72 3.72 1.45 
J-LYP-24-8 0.08 1.02 1.37 3.74 3.24 3.35 3.35 1.49 

J-LYP-24-12.5 0.084 1.1 1.32 3.8 3.38 3.53 3.53 1.29 
J-LYP-24-17 0.084 1.08 1.28 3.75 3.38 3.55 3.55 1.19 
J-LYP-24-21 0.072 0.94 1.25 3.63 3.31 3.49 3.49 1.14 
J-LYP-24-25 0.082 1.03 1.23 3.67 3.37 3.56 3.56 1.05 
J-LYP-24-40 0.073 0.88 1.17 3.6 3.36 3.57 3.57 1.09 
J-LYP-31-8 0.079 0.84 1.43 3.27 2.9 3.03 3.03 1.48 

J-LYP-31-12.5 0.059 0.78 1.38 3.29 2.98 3.14 3.14 1.4 
J-LYP-31-17 0.059 0.77 1.35 3.24 2.98 3.16 3.16 1.27 
J-LYP-31-21 0.06 0.76 1.32 3.2 2.97 3.15 3.15 1.22 
J-LYP-31-25 0.066 0.8 1.31 3.23 3.01 3.2 3.2 1.18 
J-LYP-31-40 0.07 0.79 1.25 3.1 2.93 3.13 3.13 1.21  
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Table 7 
Effective parameters in the behavior of link beam made of C-LYP100 steel.  

Sample Name γup Relative 
energy dissipation 

Relative stiffness Ω1 Ω2 Ω3 Ω4 ΩMW 

C-LYP-12-8 0.21 1.3 1.3 2.82 2.26 2.58 2.29 2.16 
C-LYP-12-12.5 0.226 1.26 1.22 2.74 2.28 2.54 2.34 1.83 
C-LYP-12-17 0.199 1.23 1.16 2.68 2.28 2.5 2.35 1.7 
C-LYP-12-21 0.191 1.2 1.13 2.64 2.28 2.48 2.36 1.63 
C-LYP-12-25 0.19 1.18 1.1 2.61 2.28 2.47 2.37 1.49 
C-LYP-12-40 0.131 1.07 1.01 2.5 2.24 2.38 2.35 1.37 
C-LYP-15.4-8 0.139 1.32 1.37 2.73 2.27 2.54 2.32 1.7 

C-LYP-15.4-12.5 0.142 1.28 1.29 2.66 2.28 2.5 2.36 1.47 
C-LYP-15.4-17 0.139 1.25 1.24 2.61 2.28 2.47 2.37 1.33 
C-LYP-15.4-21 0.132 1.23 1.21 2.57 2.27 2.44 2.38 1.3 
C-LYP-15.4-25 0.128 1.21 1.18 2.54 2.27 2.42 2.38 1.21 
C-LYP-15.4-40 0.125 1.12 1.1 2.48 2.26 2.38 2.39 1.15 

C-LYP-16-8 0.13 1.32 1.38 2.71 2.26 2.52 2.31 1.6 
C-LYP-16-12.5 0.142 1.28 1.31 2.66 2.29 2.51 2.37 1.39 
C-LYP-16-17 0.139 1.26 1.26 2.62 2.3 2.48 2.39 1.29 
C-LYP-16-21 0.12 1.21 1.22 2.54 2.25 2.42 2.36 1.2 
C-LYP-16-25 0.139 1.22 1.2 2.56 2.3 2.45 2.41 1.19 
C-LYP-16-40 0.119 1.11 1.11 2.44 2.23 2.35 2.35 1.12 
C-LYP-18-8 0.115 1.3 1.41 2.62 2.22 2.45 2.28 1.46 

C-LYP-18-12.5 0.12 1.29 1.34 2.57 2.24 2.43 2.33 1.27 
C-LYP-18-17 0.117 1.26 1.3 2.56 2.27 2.44 2.37 1.13 
C-LYP-18-21 0.106 1.23 1.26 2.5 2.24 2.39 2.35 1.08 
C-LYP-18-25 0.101 1.21 1.24 2.47 2.23 2.37 2.35 1.04 
C-LYP-18-40 0.102 1.14 1.16 2.43 2.24 2.34 2.37 0.99 
C-LYP-21-8 0.083 1.21 1.45 2.51 2.15 2.36 2.23 1.29 

C-LYP-21-12.5 0.095 1.25 1.39 2.5 2.21 2.38 2.31 1.1 
C-LYP-21-17 0.084 1.17 1.35 2.43 2.18 2.32 2.29 1 
C-LYP-21-21 0.081 1.11 1.31 2.4 2.18 2.31 2.3 0.97 
C-LYP-21-25 0.086 1.17 1.29 2.41 2.2 2.32 2.33 0.92 
C-LYP-21-40 0.08 1.03 1.22 2.35 2.19 2.28 2.32 0.96 
C-LYP25–8 0.058 0.86 1.5 2.32 2.03 2.2 2.11 1.16 

C-LYP-25-12.5 0.06 0.9 1.44 2.31 2.07 2.22 2.18 0.98 
C-LYP-25-17 0.057 0.86 1.4 2.27 2.06 2.18 2.18 0.93 
C-LYP-25-21 0.057 0.87 1.38 2.31 2.12 2.23 2.24 0.83 
C-LYP-25-25 0.055 0.84 1.36 2.28 2.11 2.21 2.24 0.79 
C-LYP-25-40 0.06 0.74 1.16 2.15 2.02 2.1 2.15 0.7  

(a) (b) 

Fig. 14. Change of the rotational capacity of the box link beam by changing the compactness ratios of flanges and webs; (a) The rotational capacity for samples with 
JLYP steel; (b) The rotational capacity for samples with CLYP steel. 
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e ≤ 1.6
MP

VP
(24) 

The above Equation is presented with the assumption of overstrength 
factor of 1.5 times the plastic shear capacity of the cross-section and the 
moment limiting at the end of the link beam to 1.2 times the plastic 
moment of the cross-section, but as mentioned above, due to consider
able strain hardening in low yield point steel, shear and flexural over
strength of the web in the link beam is greater than the values mentioned 
in the AISC 341–16, so the minimum amount of plastic moment of the 
flanges in the box link beam with web made with low yield point steel in 
order to ensure shear yielding behavior in the link beam is determined in 
accordance with the Eqs. (25) and (26). 

Mu =
Vue
2

=
ΩV Vpe

2
(25)  

Mu ≤ ΩMMPw + 1.2MPf (26) 

In the above Equations, Vu is the maximum shear created, taking into 
account the shear overstrength in the link beam (ΩV) and Mu is the 
maximum moment created at the end of the link beam corresponds to 
the maximum shear force and ΩM is flexural overstrength of the web of 
the link beam. According to the above Equations, the minimum plastic 
moment capacity of flange in the box link beam with web made of low 
yield point steels J-LYP100 and C-LYP100 is obtained from Eqs. (27) and 
(28), respectively. 

(a) (b) 

Fig. 15. Ultimate mechanisms of box link beam failure; (a) Buckling of the flange in compactness ratios greater than 25; (b) Formation of plastic hinges in the flange 
and tension field incompletely. 

(a) (b)

Fig. 16. Change of the relative energy dissipation of the link beam by changing the compactness ratios of flanges and webs; (a) Relative energy dissipation for 
samples with JLYP steel; (b) Relative energy dissipation for CLYP steel samples. 
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MPf ≥ 1.72VPe − 1.8MPw (27)  

MPf ≥ 1.07VPe − 1.12MPw (28)  

4. Behavior of eccentrically braced frame with low yield point 
steel in the web of the link beam 

In order to further investigate the behavior of link beam with low 
yield point steel in eccentrically braced frame, a single storey single span 
frame as designed in accordance with the design requirements of 
eccentrically braced frame in AISC 341–16, for the box link beam sample 
tested by Berman and Bruneau [11] (sample X2L1.2). Considering the 
values of overstrength factors provided for box link beams with web 
made of low yield point steel, the dimensions of link beams made with 
JLYP and CLYP steels are determined so that the maximum shear force of 
the yielded and strain hardened link beam is equal to the X2L1.2 sample. 
The compactness ratio of web of link beams made of low yield point steel 
is 21, and its flange compactness ratio is similar to that of X2LL1.2 equal 
to 17. In eccentrically braced frame, in order to prevent buckling of 
gusset plate due to the compressive forces in the box brace, the stiffener 

is used for the gusset plate, and also unlike the concentrically braced 
frames, the bracings are as close to the beam as possible. This way, the 
connection of the brace to the beam in this type of system is done rigidly. 
In this modeling, a simple connection is used to connect the outside link 
beam to the column. According to preliminary modeling, if the simple 
connection is modeled using seat angles or web angles in connecting the 
beam outside the link to the column, because of the low axial stiffness of 
these connections and considering that the beam outside the link is 
under a large axial force, the eccentrically braced frame has not shown 
appropriate behavior and therefore, the simple connection with shear 
plates is used. The overall shape and dimensions of the designed frame 
are presented in Fig. 18 and Table 8. It is worth noting that all frame 
members are considered box type. 

4.1. Investigation of the pushover behavior of eccentrically braced frame 

Modeling of the desired frames in Abaqus software was performed 
using solid C3D8I elements with two elements in the thickness of the 
webs and flanges of the box link beam. At first, the designed frames have 
been affected by lateral displacement as a pushover. The target inter
storey drift of the frames is determined equal to 2.5%, but the pushover 
loading has continued up to 1.5 times the target interstorey drift 
mentioned. It should be noted that according to the modeling, it is clear 
that due to the flexibility of the frame members, the rotation of the link 
beam cannot be determined according to the interstorey drift of the 
floor, as the Equation presented in the AISC 341–16 (Eq. (29)). 

γP =

(
L
e

)(∆i

h

)
(29) 

The change of the rotation of the link beam is compared with the 
interstorey drift of the frames modeled in Fig. 19. 

According to the modeling, it is clear that the lower flange of the link 
beam in the eccentrically braced frame is more constrained by the end 
stiffeners of the gusset plate than the upper flange, which is why the 
corresponding plastic strain at the end of the lower flange of the link 
beam is higher than the upper flange. The change of the base shear in 
terms of the interstorey drift of the modeled frames is compared in 
Fig. 20. 

By comparing the diagrams in Fig. 20, it can be observed that by 
using low yield point steel in the web of the link beam, the web’s yield 

(a) (b) 

Fig. 17. Change in the overstrength factor of the link beam by changing the compactness ratios of the flanges and webs; (a) Overstrength factor for samples with 
JLYP stee; (b) Overstrength factor for samples with CLYP steel. 

Fig. 18. Designed EBF frame modeled in Abaqus sowfware.  
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happens in the much lower interstorey drift than the frame made of 
common structural steel. The interstorey drift corresponding to frame 
yield in link beam with intermediate stiffeners, J-LYP100, and C-LYP100 
steel frames equal to 0.31%, 0.13%, and 0.17%, respectively, indicating 
that the frame with low yield point steel can start dissipating earthquake 
energy in smaller interstorey drifts, thus increasing the ductility of the 
structure. Due to the considerable strain hardening in low yield point 
steel, base shear-interstorey drift diagrams slope after yield of bracing 
frame with link beam without stiffeners is more than the frame made of 
link beam with intermediate stiffeners, thus the reserve strength (over
strength) of the frame with low yield point steel is more than the frame 
with ordinary steel. According to the aforementioned issues and defining 
the response modification factor of the structure, it is expected that the 
response modification factor of eccentrically braced frame made of low 
yield point steel is more than normal eccentrically braced frames. 

4.2. Investigation of cyclic behavior of eccentrically braced frames 

AISC 2005 seismic provisions loading protocol has been used to 
investigate the behavior of frames modeled under the effect of cyclic 
loading. This protocol is presented in terms of the rotation of the link 
beam, so the rotation of the link beam should be converted into inter
storey drift. Due to the flexibility of the frame, the existing Equations for 
converting the rotation of the link beam to the interstorey drift are not of 
good accuracy, and the interstorey drift value of the frame has been 
determined by the trial and error method in order to create the specified 
rotation in the link beam according to the loading protocol. By 
comparing the hysteresis behavior of the modeled frames, it is clear that 
in large interstorey drifts, the three studied hysteresis curves almost 
coincide with each other, indicating equal ultimate lateral bearing ca
pacity in these three frames, but in smaller lateral drifts, it is observed 
that the lateral forces in the frame with intermediate stiffeners is more 
than frames made of low yield point steel in the web. so, it is determined 
that, due to the low yield stress of easy going steels and high strain 
hardening in these types of steels, the lateral yield force in the frames 
made of this type of steel is less than the lateral yield force of the frames 
made of ordinary steels, and the amount of lateral force in the frames 
with low yield point steel after the yield of the web of the link beam 
gradually increases with increasing loading until the ultimate lateral 
capacity of the frame (Fig. 21). 

Using low yield point steel link beams, due to the yield of these types 
of steels in the smaller interstorey drift, energy dissipation starts in 

Table 8 
Dimensions of the sections of the designed eccentrically braced frame.   

Frame components Flange thickness 
(mm) 

Web thickness 
(mm) 

Section height 
(mm) 

Section width 
(mm) 

Section Length 
(mm) 

Specimen with X2L1.2 link beam 

Link Beam 12.7 6.4 266.7 209.6 648 
Outside Link Beam 18 6.4 277.3 209.6 1300 

Bracing 10 12 200 160 1898 
Column 20 15 250 265 2012 

Specimen with JLYP link beam 

Link Beam 12.73 10.89 254.32 238.19 648 
Outside Link Beam 15 10.89 258.86 238.19 1300 

Bracing 10 12 200 160 1898 
Column 20 15 250 280.16 2002 

Specimen with CLYP link beam 

Link Beam 12.57 11.26 261.58 236.21 648 
Outside Link Beam 12.57 11.26 261.58 236.21 1300 

Bracing 10 12 200 160 1898 
Column 20 15 250 278.20 2004  
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Fig. 19. The change of the rotation of the link beam with the change of the 
interstorey drift ratio of the floor. 
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smaller drifts and the energy dissipation of the link beam gradually in
creases due to the considerable strain hardening in low yield point 
steels. The amount of energy dissipation in the frame sample with link 
beam with intermediate stiffeners, starts later than the samples with soft 

steel. The capacity of the frame energy dissipation with link beams made 
of J-LYP100 and C-LYP100 steels, are respectively 1.12 and 1.15 times 
the capacity of the frame with intermediate stiffeners (Fig. 22). 

Fig. 21. Comparing hysteresis curves of frame with intermediate stiffeners and frames with low yield point steel; (a) Hysteresis diagram of frame with J-LYP steel; (b) 
Hysteresis diagram of frame with C-LYP steel. 
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4.3. Investigation fracture in link beam of eccentrically braced frame 

In general, considering that structural fuses may experience 
nonlinear deformations, the possibility of fracture, which in turn result 
in a reduction in bearing capacity and ductility is high. Modeling frac
ture in structural fuses can help increase the accuracy of modeling and 
make the behavior of different structures more realistic. In previous 
sections, fracture modeling was excluded, but in this section, using two 
frames, one made of link beam with intermediate stiffeners and another 
frame made of link beam of J-LYP100 steel in the web, the occurrence of 
fracture and actual behavior of the two frames listed under cyclic 
loading have been compared. 

Various studies have shown that cracking in structural steels under 
reversible plastic strains (in common thicknesses in structural steels) is 
between fatigue and ductile damage behavior [37]. According to ob
servations, plastic strains created in structural steel under severe 
earthquakes are sufficient enough to cause cracks in a limited number of 
loading cycles (less than 20 cycles). So, often ductile fractures occur in 
structural steel. The fractures occurring in steel in the loading caused by 
the earthquake are classified as ultra low cycle fatigue. 

Different studies have shown that the triaxiality ratio played an 
important role in the formation of ductile cracks. Stress triaxiality ratio 
is defined as the ratio of hydrostatic stress to von-Mises effective stress. 
Different researchers studied the ductile damages in metals, some of 
which have been mentioned below. 

McClintock [38] stated that the ductile damage is caused by the 
expansion of voids in the material, and he also determined that the 
plastic strain of the fracture fits in the inverse of triaxiality by examining 
the cylindrical voids that are uniformly dispersed in the material. Rice 
and Tracey [39] observed that the ductile damage in solids was caused 
by the expansion and coalescence of micro-voids in the materials. In 
order to make the conditions more realistic than mcClintock’s studies, 
they investigated the effect of triaxiality on the rate of expansion of a 
spherical void in the a uniform stress field in infinite materials with 
elastic perfectly plastic behavior. They finally argued that the intended 
spherical void changes as an exponential function of triaxiality (Eq. 
(30)). 

dR
R

= 0.283e

(

3
2

)(
σm
σe

)

dεe (30) 

In 1985, Johsnon and Cook [40], experimentally and numerically 
studied the effect of strain rate and temperature on the fracture of metals 
such as copper, iron, and steel and proevided a Equation in order to 
predict fracture. According to studies of Kanvinde and Deierlein [41], 

ductile damage occurs by nucleation, growing, and coalescence of voids 
in places such as impurities in steel, including carbides and sulfides. And 
the larger the size of these impurities, the lower the stress level at which 
it occurs due to the less adhesion between impurities and matrix. When 
sufficient stress is applied to the impurities in the steel, the adhesion 
between these impurities and the matrix in the steel disappears or the 
impurities themselves are cracked and voids are created. According to 
the study of Kanvinde and Deierlein [41], if the radius size of the voids in 
the steel reaches a certain level, the fracture occurs in the sample. So, 
using Eq. (30) and naming materials constant as void growth index 
(VGI), Kanvinde and Deierlein presented the Eq. (31). 

VGI =
ln
(

R
R0

)

C
=

∫ εP

0
exp(1.5T)dεP (31) 

In the above Equation VGI represents the demand for fracture in 
terms of the history of triaxiality (T) and the equivalent plastic strain (εP) 
in the sample. When the amount of demand for fracture exceeds the 
capacity of the sample, the fracture is predictable. Bao and Wierzbicki 
[42] observed that the mechanism of fracture was significantly depen
dent on the amount of triaxiality, and they also observed that most 
studies conducted to investigate the effect of triaxiality on fracture strain 
were in the range of positive triaxiality and greater than 0.33, and 
therefore, they investigated the effect of triaxiality on fracture strain in a 
wide range of triaxiality changes. For this purpose, they designed tests 
with triaxiality range at the fracture site between − 0.33 and 0.95. Bao 
and Wierzbicki [42] finally, using the results of experiments with 
different triaxiality, experimentally presented the equivalent strain to 
fracture and average triaxiality according to Fig. 23. 

According to Fig. 23, in negative triaxiality, shear fracture (zone 3) is 
created in planes with maximum shear stress. In triaxiality greater than 
0.33 (zone 1), fracture caused by creation and expansion of voids and 
between the two mentioned conditions (zone 2), fracture has a combi
nation of behavior of these two conditions. Bao and Wierzbicki [43], 
according to the tests performed and using the maximum shear stress 
criterion, presented their fracture criteria using only one tensile test in 
Eq. (32). 

εpl
0 =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∞ η ≤ −
1
3

C1

(1 + 3η) −
1
3
< η ≤ 0

C1 + (C2 − C1)

(
η
η0

)2

0 ≤ η ≤ η0

C2η0

η η0 ≤ η

(32) 

Fig. 23. The general trend of the relationship between triaxiality stress and 
fracture strain. 

Fig. 24. Reduction of stiffness and strength after fracture begins.  
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In the above Equation, C1 and C2 are equal to plastic strain of the 
fracture in pure shear (η = 0) and under uniaxial tension loading (η 
=η0=1.3), respectively. Due to the concentration of deformation at the 
fracture site after the necking of the samples, the value of the C2 coef
ficient, which is equal to the true strain corresponding to the fracture 
onset, can be obtained by the cross-section change of the sample at the 
site of the fracture, using the Eq. (33). 

C2 = − ln(1 − AR) (33) 

Bao and Wierzbicki [43], considering the similarity of the maximum 
shear stress criterion with the results of the tests, presented the rela
tionship between C1 coefficients and C2 in Eq. (34) in order to provide 
the fracture onset using only tensile test. 

C1 = C2

( ̅̅̅
3

√

2

)1/m

(34) 

The m parameter in the above Equation is obtained from the isotropic 
hardening power law in accordance with σ = KPεm. The occurrence of 
fracture depends on the history of stress and strain values during 
loading. In Abaqus software, Eq. (35) is used to predict the occurrence of 
fracture in the material. 

ωD =

∫
dεp

εp
eq(η)

(35) 

ωD is a state variable that increases with increasing the plastic strain. 
If the value of ωD reaches 1 in this Equation, the fracture initiates in the 
intended element. With the onset of fracture in the sample, the stress and 
modulus of elasticity of the materials decrease so as to ultimate strain 
(

εpl
f

)

the sample completely lose its strength. The evolution of stiffness 

and strength degradation in the element is investigated by parameter D. 
This parameter is defined as the ratio of the damaged surface to the total 

surface in a constant volume of element (Fig. 24). 
In order to reduce the dependence of material behavior after the 

fracture onset to the size of meshing, Abaqus software uses stress- 
deformation relationships as an alternative to stress-strain relations. 
The equivalent plastic displacement (uPL) can be determined from the 
Eq. (36). 

uf
PL = Le

(

εPL
f − εPL

0

)

(36) 

In this Equation., Le is the characteristic length of the element which 
is calculated as the second root of the area of each integration point in 
the two-dimensional elements and the third root of the volume of the 
integration point in the 3D elements. 

4.3.1. Fracture modeling in Abaqus software 
In this study, in order to model the fracture in the link beam in two 

frames made of ASTM A572 Gr.50 and J-LYP100 steel, Al Kajbaf et al.’s 
[28] studies were used. They presented the parameters related to Bao 
and Wierzbicki’s criteria [43] for fracture modeling in two types of 
mentioned steel, according to Fig. 25. 

In the modeling of the samples, four elements in the thickness of the 
flanges and the webs of the link beam have been used. Also, in order to 
adapt the meshing of the members according to the new geometry after 
the fracture, re-meshing is used using ALE Adaptive Mesh option in 
Abaqus software. The value of parameter uf

PL for links with web made of 
ASTM A572 Gr.50 and J-LYP100 steel, according to the materials 
properties and mesh size is determined to be 4.57 and 6.8 mm, respec
tively. According to preliminary modelings, in case of welding the 
flanges of the link beam to the end stiffeners, due to the concentration of 
large amounts of plastic strain in the lower flange of the link beam, the 
fracture starts from these areas. The studies conducted by Berman and 
Bruneau [10] confirm the fracture onset from the mentioned location. 
For this reason, in the modeling performed in this section, the link beam 
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Fig. 25. Values of equivalent plastic strain to fracture with stress triaxiality change in J-LYP100 and A572 steels.  

Fig. 26. The location and form of the fracture created in the link beam with the 
intermediate stiffeners. 

Fig. 27. The location of fracture in the link beam without intermedi
ate stiffeners. 
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flange is not tied to the end stiffeners. Also, in the sample with the link 
beam with the intermediate stiffeners, it is assumed that the stiffeners 
weld is cut at a distance of 2 times the thickness of the web from the 
outer part of the flanges. In fracture modeling, due to the removal of 
elements at the fracture site, the occurrence of convergence errors 
during analysis by static methods is probable, therefore, in this section, 
dynamic explicit analysis method has been used. In modeling, due to the 
loading of the frame in a quasi-static manner, in order to reduce the 
analysis time, mass scaling and time scaling methods have been used. 

In the sample frame with link beam with intermediate stiffeners 
under cyclic loading, fracture is observed in the vicinity of the welding 
of the intermediate stiffener to the web in the middle of the link beam. At 
the time of fracture, the interstorey drift of the floor is 2% and the 
rotation of the link beam is 0.07 rads. So, it is clear that by modeling the 
fracture, the link beam sample with intermediate stiffeners is not able to 
achieve the target rotation of 0.08 rads. The fracture created in the link 
beam is shown in Fig. 26. 

In the frame composed of a box link beam without intermediate 
transverse stiffeners and with webs made of J-LYP100 steel, fracture is 
created after buckling of web plate and formation of the tension field in 
the junction of the flange to web, with 0.13 rads link rotation and 
interstorey drift of 4.2%. The fracture in the sample without interme
diate stiffeners, and equivalent plastic strain contour is shown in Fig. 27. 

Since dynamic explicit method has been used to analyze the fracture 
problem in frames with box link beam under quasi-static loading, it is 
needed to investigate the assumption that inertia forces have no sig
nificant effect on the analysis process. To this end, kinetic energy in all 
frames should be less than 10% of total strain energy during loading. 
Kinetic energy and strain energy diagrams of the modeled frame with 
intermediate stiffener are shown in Fig. 28. 

Similarly, for a frame made of low yield point steel, the effect of 
inertia forces can be ignored. 

5. Conclusion 

Low yield point steel has been considered as a suitable material for 
using in structural fuses due to low yield stress, equal modulus of elas
ticity with conventional steels, having high strain hardening, ductility, 
and high energy dissipation. Various studies have proved the advantages 
of using low yield point steel in structural fuses such as buckling 
restrained brace, shear panels, knee braces, shear walls, and link beams 
as a suitable method for energy dissipation. In this study, the effects of 
replacing webs made of ordinary steel along with intermediate stiffeners 
by low yield point steel without intermediate stiffeners were investi
gated. The main conclusions of this research are as follows:  

1. The use of low yield point steel in the web of the link beam increases 
the net area compared to the webs made with ordinary steel and 
consequently the possibility of stability against local buckling 

increases. According to parametric modeling with full factorial 
method for different compactness ratios of flanges and webs, the 
maximum compactness ratio of web plates in box link beams made of 
low yield point steels in order to achieve the suitable capacity of 
ductility and energy dissipation, for link beams with J-LYP100 and C- 
LYP100 steels is 24 and 21, respectively (If the flange compactness 
ratio is equal or less than 25). So, using low yield point steel in the 
web of box link beam in order to remove intermediate stiffeners, the 
permissible compactness ratio of web can be increased by about 56% 
compared to ASTM A572 Gr.50 steel. Also, the maximum appro
priate compactness ratio of the flanges for using in the shear box link 
beam is suggested to be 1.00

̅̅̅̅̅
E

Fyf

√
.  

2. Considering the considerable cyclic strain hardening in low yield 
point steels, it was found that the overstrength factor provided in 
different design codes are insufficient for frame design based on link 
beam capacity. The average values of overstrength factor for low 
yield point steel in the link beams made of J-LYP100 and C-LYP 100 
was determined to be 4.14 and 2.58, respectively, while according to 
AISC 341–16, the overstrength factor value is considered to be 1.4 
due to strain hardening in box link beams made of conventional 
steels.  

3. Due to lower yield strain in low yield point steels in comparion with 
common structural steels, by using low yield point steel in the web of 
the link beam, eccentrically braced frame yields in smaller lateral 
displacements and as a result, energy dissipation of the link beam 
starts sooner in smaller lateral displacements.  

4. Considerable strain hardening in low yield point steel, in addition to 
increasing the overstrength factor in the box link beam, increases the 
area under the hysteresis diagram in the non-elastic area compared 
to steel with an equal yield point and less strain hardening, and 
consequently, more energy dissipates in the link beam with low yield 
point steel. Using low yield point steel in the link beam, its energy 
dissipation can be increased by about 30%, as well as the presence of 
this high strain hardening in low yield point steels increases the 
stiffness after yielding of the link beam in the eccentrically braced 
frame and prevents the formation of weak or soft storeys in the 
structure. Using low yield point steel in the web of box link beams in 
multi-storey structures with eccentrically braced frame, it is possible 
to ensure that the link beams in all the stories are yielded and there is 
not any passive link beam in the structure.  

5. Due to equating elastic modulus of low yield point steel with that of 
conventional structural steel and increasing the net area of the web 
using the mentioned steels in the web of the link beam, the amount of 
elastic stiffness of the link beam with low yield point steel in the 
modeled samples, are on average about 1.19 and 1.27 times the 
elastic stiffnes of the link beam made of conventional steel, for low 
yield point steel made in Japan and China, respectively. By 
increasing the elastic stiffness of link beam, the displacement 
response of eccentrically braced frame under small earthquakes, as 
well as the effects of secondary moments on the structure are 
reduced.  

6. By fracture modeling of the frame with intermediate stiffeners and 
frame with low yield point steel J-LYP100, it was observed that the 
fracture occurs in the vicinity of the welding zone of the intermediate 
stiffeners to the web of the link beam in 0.07 rads, but in the link 
beam modeled with low yield point steel, with the removal of in
termediate stiffeners, the fracture is not observed until 0.13 rads; So, 
the rotational capacity corresponding to the fracture of the link 
beam, is significantly increased by using low yield point steel in the 
web of link beam. 
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