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ABSTRACT

Buckling restrained braces (BRBs) which are generally composed of a steel core and a encasing(buckling
restrainers) are utilized to resist lateral forces in high seismic regions since BRBs exhibit high energy dissipation
capacity, ductility and stiffness. The steel core carries both compressive and tensile forces. During the
compression, the core starts buckling and the encasing tries to prevent this buckling. However, due to the
unbonding layer/gap between the encasing and steel core, the steel core eventually buckles and contacts with the
encasing. Buckling phenomenon is also associated with the initial imperfection and gap size. In this study, the
effects of the initial imperfectionof steel core, gap size (1-5 mm)and friction coefficient (0.01-0.5)between the
encasing and steel core on the behavior of BRBs are investigated. Pursuant to this goal, numerical analyses using
a finite element tool ABAQUS were conducted. A total of 19 numerical models were developed and
monotonically loaded. Initial imperfection was implemented to the models using buckling mode shapes.The
results revealed that increasing gap size leads to a reduction in load-carrying capacity. It is recommended to keep
gap sizes between 1 and 2 mm. On the other hand, initial imperfection does not significantly affect load-carrying
capacity and global behavior. However, it was also observed that the fluctuations in load increase as the
amplitude of the mode shape and gap size increase. Moreover, the friction coefficient should be kept between
0.01 and 0.05; otherwise, undesired behaviors can be observed.

Keywords:Buckling restrained braces, ABAQUS, Buckling, Imperfection, Gap, Friction coefficient, Steel core.

Celik Cekirdek Kusurunun, Bosluk Boyutunun ve Siirtiinme
Katsayisinin Tamamu Celik Burkulmasi Onlenmis Caprazlarin
Davranisina Etkileri

oV4
Burkulmas1 énlenmis ¢aprazlar (BOC'ler), genellikle bir ¢elik ¢ekirdekten ve bir burkulmay1 6nleyen ortamdan
olusan, yiiksek enerji soniimleme kapasiteleri, siineklik ve rijitlik sergiledikleri i¢in, yliksek sismik bolgelerde
yanal kuvvetlere direnmek i¢in kullanilir. Celik ¢ekirdek hem basing hem de ¢ekme kuvvetlerini tasir. Basing
sirasinda ¢ekirdek burkulmaya baslar ve burkulmay1 6nleyen ortam bu burkulmay1 6nlemeye ¢alisir. Bununla
birlikte, enkesit ve c¢elik ¢ekirdek arasindaki bosluk nedeniyle, celik c¢ekirdek sonunda burkulur. Burkulma
fenomeni ayrica baslangi¢c kusuru ve siirtiinmesiz yilizey/bosluk boyutu ile de iliskilidir. Bu ¢alismada, celik
cekirdegin baslangic kusurunun, bosluk boyutunun (1-5 mm) ve siirtiinme katsayisinin (0.01-0.5) BOC'lerin
davranisi lizerindeki etkileri arastirilmistir. Bu amag dogrultusunda sonlu elemanlar aract ABAQUS kullanilarak
numerik analizler yapinustir. Toplam 19 sayisal model gelistirilmistir ve tekdiize yiiklenmistir. Ilk Kusur,
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burkulma mod sekilleri kullanilarak modellere uygulandi. Sonuglar, bosluk boyutu artikga yiik tagima
kapasitesinde azalmaya sebep oldugunu ortaya koymustur. Bosluk boyutunun 1 ile 2 mm arasinda tutulmasi
Onerilmistir. Diger bir yandan, ilk kusurun yiik tasima kapasitesini ve genel davranisi etkilememistir. Ancak mod
seklinin Olcegi ve bosluk boyutu arttikca yiikteki dalgalanmalarin da arttigi goriilmiistiir. Ayrica, siirtiinme
kaysayis1 0.01 ile 0.05 arasinda tutulmalidir yoksa istenmeyen davranislar gozlemlenebilir.

Anahtar Kelimeler:Burkulmasit onlenmis ¢aprazlar, ABAQUS, Burkulma, Kusur, Bosluk, Siirtinme katsayist,
Celik cekirdek.

. INTRODUCTION

Lateral resisting systems are desired to have high rigidity under wind and seismic loadings [1].
Buckling Restrained Braces (BRBs) are one of the lateral resisting systems which are designed to
resist lateral force during a severe seismic event. Unlike conventional braces such as concentrically
braced frames, they exhibited stable hysteresis behavior which leads to high energy dissipation
capacity, ductility, and stiffness. This behavior is achieved by yielding under both tension and
compression.

BRBs, which are sort of metallic dampers, display a balanced hysteretic behavior by axial yielding
under reversed cyclic tension and compression forces during major earthquakes. Frames incorporating
BRBs could also be used with the purpose of seismic retrofitting to increase lateral stiffness and
strength of existing reinforced concrete (RC) or steel buildings. Recently, some further applications
are being made in Japan and the USA, particularly as ductile energy dissipating end diaphragms in
steel bridges. Approximate symmetric behavior of BRBs under tension and compression and their
feature of not causing any degradation in terms of stiffness and strength as well as obtaining stable
hysteretic curves expand their area of use. Furthermore, when compared to other alternative seismic
energy dissipation systems, BRBs have several advantages such as easy replacement following an
earthquake (if needed), easy construction with relatively low cost and simple end connection details
[2-4].

Buckling restrained brace includes a core and an encasing. Figure 1 demonstratesa typical buckling
restrained brace. A typical buckling restrained brace can be divided into three segments: restrained
yielding segment (restrained plastic zone), restrained non-yielding segment (restrained elastic zone),
unrestrained non-yielding segment (unrestrained elastic zone). These segments are illustrated in Figure
1. The unrestrained non-yielding segment is used to connect a buckling restrained brace to a frame.
The restrained yielding segment is composed of a core and an encasing. Restrained non-yielding is
designed to show elastic behavior [5]. Generally, the core element is made of steel material. For the
encasing, concrete encasing [6-8] or all-steel encasing [9,10] is generally preferred.

As it is seen in Figure 1, unbonding material or a gap is provided between the encasing and core
element. Different materials such as thin rubber, polyethylene, silicone grease, and tape strip have
been tested for this part [11]. The main aim to utilize unbonding material is to eliminate or minimize
axial force transfer between the encasing and core element. Instead of using unbonding material, a gap
is also provided as an alternative to the unbonding material.

Due to this gap, core elements buckle under compressive force. As the gap size increase, the load
carrying capacity of buckling restrained braces reduces. Moreover, increasing the gap size may lead to
a reduction in the low-cycle fatigue life of buckling restrained braces [11].

A gap size of 2 mm between the steel core and concrete was introduced by Guo et al.[12]. Chou and
Chen [13] utilized a gap size of 1.5 mm between the steel core and concrete. Avci-Karatas et al.[2]
used 1.5 mm for gap size between aluminum/steel core and concrete encasing. A gap size of 1.5 mm
between the steel core and steel encasing was utilized by Guo et al.[9]. AlHamaydeh et al. [14]
adopted 2.54 mm for the gap size between the steel core and concrete encasing. Bozkurt and Topkaya
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[10] utilized two different gap sizes of 1 mm and 3 mm including the thickness of teflon pad for the
steel core and steel encasing. Heidary-Torkamani et al. [15] utilized a gap size of 6 mm between the
tubed steel core and tubed steel encasing.
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Figure 1.Typical buckling restrained brace[8]

In the literature, limited studies[6, 9, 12-18] are available on numerical modeling of BRBs. The reason
for this can be attributed to the complexity of modeling interaction between the steel core and
encasing, which leads to significant convergence problems and computational cost. The interaction
occurs whenever the steel core buckles and contacts the encasing. Therefore, monotonic loading [13,
18] or one cycle of cycling loading [14] are also preferred for a parametric study of BRBs in order to
reduce the convergence problems and computational cost. If the bolted connections were designed as
elastic during the experiments, the interaction of these connections may notbe included in the model in
order to simplify further the numerical models[6, 13, 18].

For numerical modeling, different friction coefficients were adopted by the researchers. Guo et al.[12]
and Cao et al. [17] utilized a friction coefficient of 0.1 for the interaction between the steel core and
concrete encasing. Awvci-Karatas et al.[16] used a friction coefficient of 0.03 for the interaction
between the steel core and concrete encasing where a teflon pad was utilized. Chou and Chen [13]and
Heidary-Torkamani et al. [15]selected friction coefficient as 0.1 for the steel core and steel encasing
where grease oil was utilized. Guo et al. [9] selected the friction coefficient of the steel core to steel
encasing interaction as 0.1.A friction coefficient of 0.05 was utilized by Wang et al. [6] for the
interaction between the steel core and concrete encasing.

Initial imperfection should be implemented into numerical models in order to trigger the buckling
phenomenon. Initial imperfection can be applied using buckling mode shapes with a predefined
amplitude which is generally indicated with the length of the steel core or applying a predefined
displacement. Cao et al. [17]simulated the geometrical imperfection of the steel core by combining the
first mode (one sin wave) and the third mode (three sine wave) with an amplitude of 1/1000 of the
length.The initial imperfection of L/1000 with first mode shape (one sin wave) was adopted by Guo et
al.[12], Guo et al.[9], Jiang et al. [18] and Wang et al. [6]. On the other hand, Chou and Chen [13]
utilized the first mode (one sin wave) with an amplitude of L/3000 to simulate initial imperfection.
AlHamaydeh et al. [14] adopted L/1850 to have slower convergence and less computational
efficiency.

In this study, the effects of gap size, initial imperfection and friction coefficient on the behavior of
buckling restrained braces are studied. If the provided gap is too small, the core element and encasing
can interact which leads to axial force transfer. On the other hand, if the provided gap is too large, then
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the steel core significantly buckles. Therefore, the size of this gap is an important parameter that
should be considered in the design of the buckling restrained braces. Other important
parametersconsidered in the numerical analyses are initial imperfection and friction coefficient. It is
seen in the aforementioned studies that there is no consensus in the literature about the value of gap
size, friction coefficient and initial imperfection. Therefore, the effects of these parameters on the
behavior of the buckling restrained braces are evaluated in terms of maximum load, energy dissipation
capacity and PEEQ.

1. NUMERICAL STUDY

Numerical analyses were performed using the finite element modeling tool, ABAQUS with a version
of 6.12-1 [19]. ABAQUS is a very reliable finite element software that was preferred by many
researchers [20-24].Three-dimensional solid elements were used to construct the numerical model.
Numerical models were constructed using an eight-node brick element with reduced integration
(C3D8R). Since the non-yielding segment was designed as elastic, coarse mesh size was utilized for
the parts in the non-yielding segments. On the other hand, a finer mesh size was adapted for the parts
in the yielding segments where deformation and yielding were expected to occur. Moreover, the mesh
size of the encasing was chosen to be equal to the steel core since the steel core and encasing exhibit
interactions. Therefore, 10 mm mesh size was selected for the encasing and steel core whereas 50 mm
mesh size was used for the rest of the elements. Moreover, in order to accurately capture the buckling
of members, four layers through thickness were recommended[25-27]; therefore,the thickness of steel
core was divided into four elements. The detailed mesh configuration is depicted in Figure 2.
Numerical models consist of a total of 41018 elements and 70080 nodes.

Both geometric and material nonlinearity was implemented in the model. Bolts, welds and connections
were not modeled in order to reduce computational time and to prevent any possible convergence
problem. Instead, tie constraint was used to connect the elements. Frictional surfaces may lead to
significant convergence problems[27]. Two types of contact forces were introduced to the numerical
models: normal contact and tangential frictional forces.The finite sliding surface to surface contact
was used for the surface between the encasing and steel core. The friction coefficient was taken as
0.03 for the tangential behavior.Hard contact approach was performed for normal behavior.

Boundary conditions were assigned to the back face of the end-plates. These end-plates were
connected to the columns in the experimental study. Therefore, all degrees of freedom were restrained
excepted that transitional restraint was released at the end-plate where the loading was applied. MPC
constraint was defined to a reference point at the center of the end-plate. The loading was applied to
this reference point. Displacement controlled monotonic loading was applied to the models.

Yielding and ultimate loading of the core plate are reported as 373 and 510 MPa for the core plates.
Young’s modulus and possion’s ratio were used 210 GPa and 0.3, respectively. The experimental
study was conducted under cyclic loading. Monotonic loading was preferred for numerical analyses in
order to reduce computational cost and convergence problems. With accurate numerical modeling of
the material, the results of monotonic numerical modeling can be compared with the results of
experimental cyclic loading [28-33]. Therefore, a stabilized material model described in Bozkurt et al.
[29] and Ozkilig et al. [28] was utilized herein. Stabilized material model is used to mimic cyclic
hardening of steel in the monotonic analyses when the tensile coupon test results are available and
cyclic behavior of the steel is absent.
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Figure 2. Mesh configuration

The numerical models are compared in terms of PEEQ, Pmax and energy dissipation capacity. PEEQ is
the plastic equivalent strain and calculated as ratio of effective plastic strain to yield strain. PEEQ
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measures local plastic strain demand and higher value of PEEQ indicates potential damage and
vulnerability[27, 34]. Pmax is the maximum loading observed in the load-displacement curve. Energy
dissipation capacity is calculated under the area of the load-displacement curve[35].

For verification model and parametric study, the design of all-steel BRBs developed by Bozkurt et al.
[36] was preferred. Bozkurt et al. [36] studied different connection detail on BRBs with welded
overlap cores. The details of the sub-assemblage test setup are given in Figure 3. Bozkurt et al. [36]
conducted four tests using gusset and pin connection. In this study, the BRB with gusset connections
was utilized. The length of the BRB was 3730 mm and the angle was 36.5 degrees. Loading was
applied through a column. A cyclic loading recommended by AISC Seismic provisions for Structural
Steel Buildings [37] was exposed to the specimens.
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Figure 3. Details of sub-assemblage test setup [36]

Figure 4 demonstrates the cross-section of encasing and steel core. A total of 2 mm gap is provided
between the steel core and encasing. Teflon is used to reduce friction between steel and encasing.
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Figure 4. Details of steel core and encasing [36]

Initial imperfection was implemented to numerical models using *IMPERFECTION option which is
available in the library of ABAQUS. In order to determine mode shapes, eigen-value analyses were
conducted. The first five-mode shapes were recorded (Figure 5). In the verification model, the first
mode shape (one sin wave) with an amplitude of L/7000 (0.25 mm), where L is the length of the
yielding segments, was utilized.
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Table 1. Properties of models

Model Gap Size Friction Mode Shape Amplitude
Coefficient
Model 1 1 0.03 Mode Shape 1 L/7000
Model 2 2 0.03 Mode Shape 1 L/7000
Model 3 3 0.03 Mode Shape 1 L/7000
Model 4 4 0.03 Mode Shape 1 L/7000
Model 5 5 0.03 Mode Shape 1 L/7000
Model 6 2 0.03 Mode Shape 1 L/3500
Model 7 2 0.03 Mode Shape 1 L/1750
Model 8 2 0.03 Mode Shape 5 L/3500
Model 9 2 0.03 Mode Shape 5 L/1750
Model 10 2 0.03 Mode Shape 1 +5 L/1750
Model 11 2 0.01 Mode Shape 1 L/7000
Model 12 2 0.02 Mode Shape 1 L/7000
Model 13 2 0.04 Mode Shape 1 L/7000
Model 14 2 0.05 Mode Shape 1 L/7000
Model 15 2 0.1 Mode Shape 1 L/7000
Model 16 2 0.2 Mode Shape 1 L/7000
Model 17 2 0.3 Mode Shape 1 L/7000
Model 18 2 0.4 Mode Shape 1 L/7000
Model 19 2 0.5 Mode Shape 1 L/7000
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A total of 19 numerical models were developed for the parametric study. Table 1 demonstrates the
properties of the numerical models. Models 1-5, Models 6-10 and Models 11-19 were designed to
investigate the effects of gap size, mode shapes with different amplitude and friction coefficient,
respectively.

111. RESULTS AND DISCUSSION

A. VERIFICATION MODEL

The comparison of numerical results and experimental findings in terms of hysteresis behavior is
given inFigure 6. The verification model revealed that the finite element model is able to mimic the
load-displacement curve of the experimental result monotonically and gives slightly stiffer results than
the experimental findings. It can be said that the developed numerical models with described
assumptions are capable of predicting experimental results.

The deformed shapes of experimental and numerical study are compared in Figure 7. It is seen that the
numerical model simulated buckling of the steel core due to the provided gap. Similar buckling at
failure was also observed in the experimental study. The deformed shapes were only compared at the
end of the experiment since the deformation of the steel core could not be observed during the
experiments due to the steel encasing. Therefore, it can be concluded that the assumed model can be
used to investigate the effect of the gap size and initial imperfection.
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Figure 6. The comparison of numerical and experimental results

Figure 8 illustrates the deformed shapes of the specimens at the displacement values of 5 mm, 10 mm,
30 mm, 50 mm and 70 mm. It is seen that almost no PEEQ is observed up to 10 mm. After 10 mm, the
value of PEEQ distribution significantly increased. On the other hand, initial imperfection of one sine
wave is observed in U1 distribution at 5 mm, where U1 indicates the displacement in —X direction
shown in Figure 8. It is seen that buckling was initiated at a displacement value of 10 mm. The
number of buckled waves increases as the value of displacement increases. Moreover, the shortening
of the steel core due to compression can be seen in Figure 8.
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B. THE EFFECTS OF GAP SIZE

Five numerical models having the same boundary conditions, material models, dimensions were
constructed. The numerical models have the same properties as the verification model, except that
different gap sizes were adopted. Total gap sizes of 1 mm, 2 mm, 3 mm, 4 mm, and 5 mm were
selected. In the experimental study, a total gap size of 2 mm, indicating 1 mm gap size for each side,
was utilized. All models were subjected to monotonic loading up to the displacement of 70 mm.

Load-displacement curves of numerical models are shown in Figure 9. Table 2 demonstrates loading
capacity, energy dissipation capacity and maximum PEEQ value of the models. It is observed that
increasing gap size results in decreases in maximum loading and energy dissipation capacity. 10% and
14% differences of maximum load and energy dissipation capacityare observed between numerical
models with a gap size of 1 mm and 5 mm, respectively. More importantly is that increasing gap size
leads to fluctuations in load-displacement curves. These fluctuations were also observed in the
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experimental study (Figure 6). As the gap size increases, the fluctuations increase. For the model with
a gap size of 5 mm, these fluctuations decreased loading up to 22%. This ratio modifies to 3% when
the gap size is reduced to 1 mm. Moreover, maximum value of PEEQ observed at the models
increases as the gap size increases, which indicates that the model with a gap size of 5 mm is most
vulnerable to the damage and the model with a gap size of 1 mm is least susceptible to the damage.
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Figure 9. Comparison of load-displacement curves of the models having different gap size

Table 2.The results of models with different gap sizes

Model Gap Size (mm) Pmax(KN) Energy (J) PEEQ
Model 1 1 120.1 7170 0.054
Model 2 2 119.4 7064 0.072
Model 3 3 114.9 6829 0.093
Model 4 4 114.4 6541 0.097
Model 5 5 109.7 6287 0.116

C. THE EFFECTS OF INITIAL IMPERFECTION

Six numerical models having the same assumptions used in the verification model were constructed.
The difference between these models is only initial imperfection. As discussed in the aforementioned
studies, the initial imperfection shape was mostly considered as a single sine wave (Mode 1) and also
it is seen that three sine waves (Mode 5) was also utilized for the initial imperfection.Therefore, Mode
shape 1 (single sine wave), Mode shape 5 (three sine wave) and the combination of these mode shapes
were considered as the parameters for the parametric study. Moreover, different amplitudes of sine
waves were considered. The maximum amplitude is L/1750 (approximately 1 mm) is equal to one side
of the gap size.One should be careful while selecting the imperfection amplitude. If the imperfection
of the steel core exceedsthe gap size, initial convergence problems may arise.

The results of the parametric study are demonstrated in Figure 10. Table 3 demonstrates the loading
capacity, energy dissipation capacity and maximum PEEQ value of the models.It is observed that all
numerical models exhibited almost the same load-carrying capacity. The difference between numerical
models is the fluctuations that occurred in the loading, which resulted in a difference in energy
dissipation capacities. A maximum 3% difference in energy dissipation capacity was observed. It is
seen in Figure 10 that as the amplitude of the mode shape increases, the fluctuations in the load-
displacement curves increase. Moreover, the value of PEEQ increases as the amplitude of the mode
shape increases. However, it can be concluded that the change in loading capacity, energy dissipation
capacity and PEEQ is insignificant.
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Table 3.The results of models having differentmode shapes and amplitudes

Model Mode Shape Amplitude Pmax(KN) Energy (J) PEEQ
Model 2 Mode Shape 1 L/7000 1194 7064 0.072
Model 6 Mode Shape 1 L/3500 119.4 6978 0.073
Model 7 Mode Shape 1 L/1750 118.9 6855 0.075
Model 8 Mode Shape 5 L/3500 119.4 7023 0.072
Model 9 Mode Shape 5 L/1750 118.6 6986 0.078
Model 10  Mode Shape 1 + 5 L/1750 119.9 6870 0.073
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Figure 10. Comparison of load-displacement curves for the models having different mode shapes and
amplitudes

D. THE EFFECTS OF FRICTION COEFFICIENT

The results of ten numerical models having different friction coefficients are compared in Figure 11.
The results in terms of the maximum loading, energy dissipation capacity and PEEQ are given in
Table 4. It should be noted that significant convergence problems were encountered in the models
having friction coefficients higher than 0.10. In order to circumvent the convergence problems, several
attempts were tried by changing the friction coefficient gradually with £0.005. For example, when the
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model having thefriction coefficient of 0.5 was not converged, then the models having friction
coefficients in order of 0.495, 0.505, 0.49, 0.51, 0.485, 0.515, 0.48 and 0.52 were analyzed until the
model converges. The converged friction coefficients are given in Table 4. Furthermore, as the friction
coefficient increases, computational time increases.

It is seen that the results of the models having friction coefficient below 0.1 are similar in terms of
maximum loading, energy dissipation capacity and PEEQ. On the contrary, the behavior of the models
significantly changes when the friction coefficient is higher than 0.1. Although energy dissipation and
load capacities of the models having friction coefficient equal and higher than 0.1 are significantly
higher than those of the models having friction coefficient below 0.1, PEEQ values of former ones are
significantly high. This indicates that these models are prone to failure in earlier cycles. Moreover, it is
seen in Figure 12 that undesirable behavior is observed in the models having friction coefficients equal
and higher than 0.1. PEEQ distributions are concentrated in the restrained elastic zone which should
be designed elastic during the cyclic loading. Therefore, the friction coefficient equal and higher than
0.1 should be avoided and necessary precautions should be taken in the design of BRBs. Teflon pad or
grease oil can be utilized between the steel core and encasing in order to minimize the friction
coefficient.
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Figure 11. Comparison of load-displacement curves of the models having a different friction coefficient

Table 4. The results of models with the different friction coefficient

Model Friction Coefficient Converged Pmax Energy PEEQ
(1) (1) (kN) Q)

Model 2 0.03 0.03 119.4 7064 0.072
Model 11 0.01 0.01 118.5 6947 0.071
Model 12 0.02 0.02 118.9 6959 0.072
Model 13 0.04 0.04 120.2 7073 0.073
Model 14 0.05 0.05 121.4 7078 0.073
Model 15 0.10 0.10 132.7 7424 0.121
Model 16 0.20 0.195 138.5 7677 0.136
Model 17 0.30 0.295 150.2 7998 0.157
Model 18 0.40 0.415 161.9 8351 0.162
Model 19 0.50 0.520 174.0 8756 0.171
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Figure 12. PEEQ distributions of the models having friction coefficient of 0.05, 0.1, 0.3 and 0.5

V. CONCLUSION

The steel core is one of the most important elements in BRBs, which is directly related to the capacity
of BRBs. The steel core yields under both tension and compression. Due to the gap, steel core buckles
under compression and buckling are associated with initial imperfection and gap size between the
encasing and steel core. The friction coefficient is alsoan important parameter that influences the axial
load transfer between the steel core and encasing. A total of 19 numerical models were constructed for
the parametric study using finite element software (ABAQUS) in order to examine the effects of gap
size, initial imperfection and friction coefficient on the behavior of BRBs. The followings can be
drawn based on the numerical study:

e The gap size between the steel core and encasing is investigated using five numerical models.
The results revealed that increasing gap size leads to a significant decrease in loading and
energy dissipation capacities. Moreover, the fluctuations are more pronounced in the models
with larger gap sizes. These fluctuations may significantly affect low-cycle fatigue life.
Therefore, it is recommended to use the minimum gap size as possible. However, one should
be careful to avoid any load transfer between the encasing and steel core. On the other hand,
Bozkurt and Topkaya [10] reported that the specimen having a gap size of 1 mm exhibited
significantly better performance than that of the specimen having a gap size of 3 mm.
Therefore, the gap size of 1-2 mm between the steel core and steel encasing is recommended,
provided that proper unbonding materials are utilized.

e Six numerical models having different initial imperfection are studied. The results revealed
that initial imperfection has almost no effect onthe load-carrying capacity, energy dissipation
capacity and PEEQ. However, the fluctuations in the load-displacement curves increase as the
amplitude of the mode shape increases. This study was conducted under monotonic loading;
therefore, these fluctuations are expected to increase under cyclic loading.

o When buckling mode shapes are utilized for initial imperfection, the amplitude of the mode
shape should be less than the gap size of each side; otherwise, the model will lead to initial
convergence problems. Furthermore, increasing initial imperfection increases computational
cost and leads to convergence problems, which were also reported in[14, 15].
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e The effects of friction coefficient were investigated with 10 models having friction
coefficients between 0.01 and 0.50. The results showed that the models with friction
coefficients between 0.01 and 0.05 exhibited stable yielding along the steel core and similar
performance in terms of loading capacity, energy dissipation capacity and PEEQ
distribution.On the contrary, the models having friction coefficients equal and higher than 0.10
exhibited undesirable behavior and significantly increased loading capacity. Yi [38]also
reported that friction coefficient higher than 0.15 significantly affects the compression
behavior of BRBs. Therefore, it can be concluded that the friction coefficient between 0.03
and 0.05 is convenient for the interaction of the steel core and steel encasing when an adequate
unbonding material is provided.

e Since unstable behavior is not desired in the design of BRBs, the friction coefficient higher
than 0.10 should be avoided. Necessary precautions should be taken in the design of
BRBs.Based on the experimental studies ofChou and Chen [13], Heidary-Torkamani et al.
[15] and Bozkurt and Topkaya [10], grease oil and teflon pad can be utilized between the steel
core and encasing for all-steel BRBs.

e Significant convergence problems occurred in the models having a friction coefficient higher
than 0.1. Moreover, computational cost increases as the friction coefficient increases.
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