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Abstract: In recent years, the use of steel bracing in reinforced concrete structures has been proposed for the
purpose of strengthening existing weak buildings and also in the seismic design of new buildings as a shear-
resistant element against earthquakes. The use of steel bracing with direct connection has been considered for
several reasons, including economic issues, easy implementation, and the possibility of securing and strengthening
weak reinforced concrete structures against earthquakes. One of the metal bracings used is the Sherwin divergent
bracing, which, due to its very suitable and balanced performance, both increases the stiffness and reduces the
maximum displacements of the structure, and by absorbing more energy in nonlinear ranges, increases the ductility
and, as a result, increases the behavior coefficient of the structure and improves its performance when entering
the inelastic range. In this study, the performance behavior of a reinforced concrete structure in two cases, first: a
code-accepted design and second: a weakness in the code design, which is strengthened by an off-axis steel
bracing, is investigated using nonlinear Pushover analysis and the results of different forms of changing the
bracing bond length and its effect on the performance of the strengthened structure are compared. The results
show an improvement in performance in the field of linear behavior by increasing stiffness and reducing P-A
effects, which is one of the main weaknesses in reinforced concrete structures due to the formation of cracks, and
in the field of nonlinear behavior against severe earthquakes, a significant increase in capacity and a reduction in
ductility requirements in the reinforced concrete flexural frame structure strengthened with a divergent steel
bracing.

Keywords: Reinforced concrete frame, steel divergent brace, strengthening, nonlinear performance, pushover,
ductility
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1- Introduction

According to the following equation, which is known as the dynamic equilibrium equation of
structures, it can be easily seen that if, for example, the damping (C) of the structure increases,
in order to maintain the dynamic equilibrium of the structure and assuming that the input
force to the structure is known, the displacement and acceleration of the structure must be
reduced.

MU + CU + KU = P(t)

In the above equation, M represents the mass of the structure, C is the damping of the
structure, K is the stiffness of the structure, U is the displacement of the structure, C is the
velocity of the structure, and p(t) is the dynamic force acting on the structure.

Increasing the damping reduces the displacement or displacement and the shear force applied
to the structure. Pure stiffness can be created by means such as braces. With increasing
stiffness, the displacements in the structure are reduced but the shear force applied to the
structure increases.[6 ,5 ,4 ,3,2 ,1]

Although the subject of reinforced concrete frames braced with steel braces is relatively new,
a relatively large amount of research has been conducted on this subject. Research conducted
in this field has mainly focused on the behavior of convergent braces, which have investigated
the stiffness and strength of the system. However, the aim of this research is to investigate the
nonlinear behavior, ductility, and failure modes of the system strengthened with divergent
braces. This research can be used to retrofit inefficient or already damaged concrete
structures after the desired results are achieved.

Perhaps the first application of this system was in the retrofitting of schools in Japan. This
building, which had short columns, suffered heavy damage to the columns in a severe
earthquake in 1978 and was retrofitted with steel perimeter bracing [7]. The second case was
the use of this method in 1980, in a twelve-story building in Mexico City, where the concrete
building was retrofitted with rigid perimeter frames and steel perimeter bracing and showed
good seismic behavior in a severe earthquake in 1985 [8]. The third case was in a hospital, also
in Mexico City, which was retrofitted after the 1985 earthquake. In this building, unlike the
previous two cases, steel braces were placed inside the openings of the perimeter frames, and
in subsequent earthquakes it was shown that the brace acts as a member of the frame. In
parallel with these applications, in the first research conducted in this case, which was carried
out in the 1980s, only the possibility of using this strengthening method to increase the lateral
resistance of concrete frames was mentioned and the effectiveness of this method was
confirmed [8]. In 1990, Badoux and Jirsabangahi investigated the behavior of braced concrete
frames under lateral loads, especially cyclic loads. In this study, the effect of brace slenderness
on the amount of energy absorbed by the frame was considered and it was shown that the
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inelastic buckling of the compression brace is an important factor in reducing the amount of
energy absorbed [9]. Various studies have been conducted on this subject from 1990 to 1995,
some of which have emphasized the effectiveness of this strengthening method in increasing
lateral strength and ductility, and in some cases, the economic efficiency of the method has
been proven. Some researchers have investigated the connections of braces to frames, and it
has been found that the use of root reinforcements for the connection plate, which are placed
in the concrete frame with the help of a Hilti, and the use of epoxy adhesive to connect the
connection plate, are effective methods for designing these connections. In addition, it has
been found that limited reinforcement of the beam-column and brace connections will
improve the behavior of the frame. Several researchers have also conducted studies on the
behavior of braces with dampers and post-tensioned braces, and have confirmed the
effectiveness of these methods in strengthening concrete frames [10]. In 1995, Maheri and
Sahibi reported an experimental study on concrete frames with cross braces, single tension
braces, and single compression braces, and showed that although steel materials behave
similarly in tension and compression, tension braces contribute more to the shear capacity of
the frame than compression braces. It was also shown that when cross braces are used, the
shear capacity of the frame is about 1.5 times that of single tension and compression braces
[11]. In 2001, Gobara and Boualfas modeled the inelastic behavior of a reinforced concrete
structure with two options: cross braces and inverted V divergent braces with shear
connections at the ends of the braces in the DRAIN software and showed that under the
influence of twelve different significant earthquakes, the divergently braced frame has a
reliable non-brittle behavior [8]. Khatib et al. (1988) conducted a comprehensive study on the
pre-buckling and post-buckling behavior of figure eight braces. Normally, the compressive
deflection of braces is less than their tensile deflection, and this causes a very large
asymmetric shear force on the center of the beam during earthquake force cycles after
buckling. In this study, Khatib suggested that this force be transferred to the upper floors by
placing a zipper element at the vertices of the braces. To prevent the gravity load from
entering, this element is not present on the first floor. If the compression brace on the first
floor buckles while the other braces are in the elastic range, an unbalanced vertical force is
created in the middle of the first floor beam span. The unbalanced force transmitted by the
zipper element increases the compressive force on the second-story compression brace,
eventually causing that brace to buckle as well. If the applied force continues to move the
frame in the same initial direction, a large unbalanced force is distributed throughout the
structure, until the remaining compression braces also buckle.[12]

In this study, after validation using Etabs2015 software, reinforced concrete frame models
were created in two cases; a concrete frame designed in accordance with Code 2800 and
ACI318-08 and a case where the design was done with weakness, in different shapes of off-
axis Sherwin bracing with variable beam lengths, in the software and their results were
extracted and after comparing them, the most optimal retrofitted case was introduced ,13]
.[18 ,17 ,16 ,15 ,14
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-2 Validation

Modeling was done using Etabs2015 software. In order to validate the results of the simulation
with this software, the tested frame was first examined by researchers at the University of
Tokyo. This concrete frame was tested by Vekiwo and Amara (1992) under the effect of
increasing static load. Therefore, this frame is modeled in the software and its results are
compared with the results of the experiment.

-1-2Specifications of the Vekivu and Amara test specimen

The aforementioned laboratory program, including the loading method, the location of the
displacement measurement sensors, etc., is shown in Figure 1.
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Figure 1 — Test setup of the Vekiwo and Amara (1992) experiment

The geometric specifications of the reinforced concrete frame, including the span length, story
height, cross-section dimensions, and beam and column cross-section reinforcements, are
also presented in Figure 2.
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Figure 2 — Characteristics of the reinforced concrete frame by Kivu and Amara (1992)

As shown in the figure above, the longitudinal reinforcement of the section is 20 bar and the
transverse reinforcement is of the closed yoke type (10 bar) which is placed at intervals of 125

mm along the length of the member.

The aforementioned concrete frame is made of concrete with a compressive strength of 30
MPa. The vyield stress of the 20 bar reinforcement is reported to be 400 MPa and the yield
stress of the 10 bar reinforcement is reported to be 440 MPa. The stress-strain curve of the
concrete resulting from the control displacement test is shown in Figure 3 and the behavior

curve of the reinforcement is shown in Figure 4.
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Figure 3 — Concrete compressive behavior curve
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Figure 4 — Rebar behavior curve
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As shown in Figure 1, a 70-ton gravity load is applied to each column during the test, and an
increasing lateral load is applied at the second floor level. Therefore, the roof force-
displacement response is selected as the known parameter of the test and the unknown
parameter of the modeling.

2-2- Modeling

The modeling was performed in the finite element software Etabs2015. In order to determine
the response of the aforementioned frame, a static pushover analysis must be performed. The
following steps are shown in the analysis. First, according to Figure 5, the initial model of the
structure is built in the software and boundary conditions and gravity loads are applied to it.
Then, the elastic properties of the concrete and rebars are defined in the software based on
the data obtained from the Vekiwo and Amara test, and the beam and column sections are
also defined. In the next step, the nonlinear behavior of the reinforced concrete frame
members must be considered. In order to perform nonlinear material analysis, there are
various methods, one of the most practical methods is the focused plasticity method, in other
words, the step-by-step plastic analysis. In this method, the entire nonlinear behavior of a
member, in the place where it experiences the most plastic deformations, is considered
centrally by considering a plastic joint. The characteristics of the joints are defined in terms of
cross-sectional dimensions, reinforcement amount, axial load, shear force and material
characteristics. ASCE41-13 publication has been used to define the joints. Therefore, beams
are assigned a flexural joint and columns are assigned an axial load-flexural moment
interaction joint (using fiber elements).

™

v v STORY

Figure 5 - Model built in the software

After defining the nonlinear characteristics of the members, it is necessary to introduce
pushover analysis to the software. For this purpose, a nonlinear solution for the gravity load
is first defined as Gravity and after applying it to the structure, its applied effects are used as
the boundary conditions of the pushover analysis. The lateral nonlinear analysis was
performed according to the experiment using a lateral load at the roof level. The state of the
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structure during the formation of the mechanism, in other words, at the collapse stage, is seen
in Figure 6 and it is clear that in the collapse stage of the mechanism, the bending joints of
the beams along with the column foot joints caused the collapse of the structure, which is
consistent with the test report.

— _STORY2

J STORY1

Figure 6 — Formation of the mechanism during collapse in the structure

The response of the concrete frame is shown in Figure 7. In this figure, the lateral load applied
to the roof level is shown relative to the roof displacement, which can be seen from the
experimental values showing a relatively good agreement with the numerical model.

Roof Displacement (mm)

Figure 7 - Comparison of experimental and numerical response of the structure

-3Reinforcement of concrete frame using divergent steel brace

In this section, the reinforcement of a reinforced concrete frame with a flexural frame system
is carried out by adding divergent steel braces. For this purpose, two cases are considered. In
the first case, a structure that has been designed and implemented using seismic design codes
is examined. However, in the second case, a structure is examined whose design is extremely
problematic and, in other words, collapses in the design earthquake. ETABS2015 software has
been used in all modeling, which was validated in the previous section.

-1-3Characteristics of the base structure
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The base structure in this study is a two-dimensional reinforced concrete frame that has
three spans on three floors. The spans are 5 meters long and the floors are 4 meters high. The
geometry of the desired frame is shown in Figure 1.
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Figure 8- Concrete flexural frame geometry (base structure)

The material specifications in all models are as follows: C30 grade concrete with a
compressive strength of 30 MPa and S400 rebar with a yield stress of 400 MPa have been used.

-1-1-3First case

The structure shown in Figure 8 is first designed using Code 2800 and ACI318-08 and then
evaluated using a nonlinear static method. It should be noted that the performance level of the
structure is evaluated using the criteria of Publication 360 of the Presidential Strategic Planning
and Supervision Office and also the ASCE41-13 Code. In the initial design, the structural
system is considered to be a reinforced concrete flexural frame with medium ductility.
Therefore, the earthquake coefficient is calculated as 0.154, which after designing the structure,
the cross-section of the beams of all floors is square with dimensions of 40 cm and the upper
and lower reinforcements are 5920 and 3¢20, respectively. Also, the dimensions of the
columns of the ground floor are 50 cm and the dimensions of the columns of the higher floors
are 40 cm. It is necessary to explain that the longitudinal reinforcements of the column sections
are @25 and its transverse reinforcements are @l0@125 mm. The designed structure is
evaluated using the nonlinear static method and based on the modeling, analysis and acceptance
criteria of the 360 publication. In order to define the plastic joint model of the beams, Table 6-
8 of the 360 publication, shown in Figure 9, is used.
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Figure 9- Table 6-8 of the 360 publication

According to the amount of beam reinforcement and its bracing method, the first row of the
above table is used. It should be noted that in the design of the base structure, all the criteria of
the 2800 Code and the ninth topic of the National Building Regulations have been observed,
therefore, the condition of the beams in terms of bracing is qualified for condition C in the
above table and the existing shear value also meets the conditions of the first row. On the other
hand, to define the plastic joint model, it is necessary to introduce the yield moment value in
the beam section for both positive and negative anchors to the software. The upper and lower
reinforcements of the section are 5920 and 3¢20, respectively. Therefore, the positive yield
moment is equal to 18 ton.m and the yield moment is equal to 27 ton.m. According to the above
explanations, the plastic joint behavior model of beams is defined in ETABS 2015 software
and using this model, two joints are defined at the beginning and end of all beams. However,
in order to define the plastic joint model in columns, the Fiber P-M2-M3 joint is defined. For
this purpose, the entire cross-section is modeled using fiber elements. The location of the joints
assigned to beams and columns is presented in Figure 10.
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Figure 10 - Location of plastic joints in beams and columns Another issue in defining fiber
plastic joints is that the behavior of concrete and steel must also be introduced into the software
in a nonlinear manner. The nonlinear behavior of concrete is considered according to Figure
11 and the nonlinear behavior of reinforcement is considered according to Figure 12.
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Figure 11 - Concrete stress-strain curve
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Figure 12 - Reinforcement Stress-Strain Curve

After defining the nonlinear behavior of the structure, gravity loads are first applied to the
structure, followed by incremental lateral loads. According to the new edition of the 360
publication, the lateral load distribution used in nonlinear static analysis is considered to be
proportional to the first mode of the structure. The capacity curve of the structure, which shows
the base shear versus roof displacement, is shown in Figure 13.
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Figure 13 - Structural capacity curve
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The target displacement is also calculated according to publication 360 as follows. It should be
noted that the values of C1 and C2 are approximately equal to 1 and the coefficient CO is also
calculated according to publication 360 as 1.2.

Te2 12
o, =COCchSan =1.2x1x1x O.SXleoOO— 24cm By checking the results of the
nonlinear  analysis, it s
determined that in the sixth step of the analysis, the structure has reached the target

displacement, therefore, we check the state of the structure in the sixth step (Figure 14).

Figure 14 - Structure condition at target displacement As shown in Figure 14, most of the
beams of the structure are located in the LS range and one of the beams of the first floor is
located in the CP range. It is also observed that the columns of the structure are located in the
LS range. In order to improve the performance level of the base structure, we use divergent
steel braces. Therefore, in this stage, we install the braces in the middle span. The brace cross-
section is a box type with dimensions of 15 cm. However, in order to find the optimal geometry,
four different cases have been considered, the difference of these structures is in the length of
the connecting beam. Therefore, the length of the connecting beam in four separate cases is
considered to be 1.7, 2.5, 3 and 3.5 meters, and based on that, the names of the models are 2D-
B15-E1.7, 2D-B15-E2.5, 2D-B15-E3 and 2D-B15-E3.5, respectively.

2 -1-1-1-3D-B15-E1.7 Model

The length of the connecting beam in this model is considered to be 1.7 meters. The
geometry of this model can be seen in Figure 15. The capacity curve of the structure for this
model is shown in Figure 16. It can be seen that the maximum displacement tolerated by the
structure has decreased. But the important issue is the state of the structure at the target
displacement. Because in this case, due to the increase in the stiffness of the structure, the
effective period of the structure is reduced to 0.58 and subsequently the target displacement is
reduced sharply and reaches 8.5 cm. By checking the results of the nonlinear solution, it is clear
that the structure reaches the target displacement in the fourth step of the analysis. Therefore,
the state of the structure must be controlled in step 4 of the pushover analysis (according to
Figure 17). By checking the state of the structure in the target displacement, it is observed that
almost all the beams and columns remain in the elastic state except for the connection beams
and its side beams that have entered the LS and CP areas. Therefore, the state of this structure
is acceptable if the connection beam and its side beams are also strengthened. In addition, the
amount of shear force in the members is also controlled as a force. In Figure 17, the amount of
shear forces created in the members of the structure in the target displacement is shown. As
can be seen, the shear force in the connection beam is about 32 tons, which, according to the
initial design, the structural beams are capable of withstanding this force.
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Figure 15 - Structural geometry and joint locations in the 2D-B15-E1.7 model
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Figure 16 - Structural capacity curve in the 2D-B15-E1.7 model
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-2-1-1-3Model 2D-B15-E2.5

The length of the link beam in this model is considered to be 2.5 meters. The capacity curve
of the structure for this model is shown in Figure 18. In this case, due to the increase in the
stiffness of the structure, the effective period of the structure is reduced to 0.71 and
subsequently the target displacement is also reduced and reaches 13 centimeters. By controlling
the results of the nonlinear solution, it is clear that the structure reaches the target displacement
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in the fifth step of the analysis. Therefore, the state of the structure must be controlled in step
5 of the push-pull analysis. By controlling the state of the structure at the target displacement,
it is observed that almost all beams and columns remain in the elastic state except for the link
beams and their side beams that have entered the LS and CP zones. Therefore, the state of this
structure is acceptable if the link beam and its side beams are also strengthened. In addition,
the amount of shear force in the members is also controlled in terms of force. As the results
show, the amount of shear force in the connection beam is about 32 tons, which according to
the initial design, the structural beams are able to withstand this force. However, in the side
beams, the shear force has reached about 40 tons. Therefore, the side beams should be slightly
strengthened in terms of shear as well.

Baswe Sheur v Monitored Displacement

Base Shear, kgl
!

Figure 18- Structure capacity curve in 2D-B15-E2.5 model
2 -3-1-1-3D-B15-E3 model

The length of the link beam in this model is considered to be 3 meters. In this case, due to
the increase in the stiffness of the structure, the effective period of the structure is reduced to
0.79 and subsequently the target displacement is also reduced and reaches 17 cm. By
controlling the results of the nonlinear solution, it is clear that the structure reaches the target
displacement in the fifth step of the analysis. Therefore, the state of the structure must be
controlled in step 5 of the pushover analysis. By controlling the state of the structure in the
target displacement, it is observed that almost all beams and columns remain in the elastic state
except for the link beams and their side beams that have entered the LS and CP areas.
Therefore, the state of this structure is acceptable if the link beam and its side beams are also
strengthened. In addition, the amount of shear force in the members is also controlled as a
force. As the results show, the amount of shear force in the connecting beam is about 20 tons,
which according to the initial design, the structural beams are able to withstand this force.
However, in the side beams, the shear force has reached about 36 tons. Therefore, the side
beams should also be slightly strengthened in terms of shear.
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2 -4-1-1-3D-B15-E3.5 Model

The length of the connecting beam in this model is considered to be 3.5 meters. The capacity
curve of the structure for this model is shown in Figure 19. In this case, due to the increase in
the stiffness of the structure, the effective period of the structure is reduced to 0.85 and
subsequently the target displacement is also reduced and reaches 21 centimeters. By controlling
the results of the nonlinear solution, it is clear that the structure reaches the target displacement
in the sixth step of the analysis. Therefore, the state of the structure must be controlled in step
6 of the push-pull analysis. By controlling the state of the structure in the target displacement,
it is observed that almost all beams and columns remain in the elastic state except for the
connection beams and its side beams that have entered the LS and CP zones. Therefore, the
state of this structure is acceptable if the connection beam and its side beams are also
strengthened. In addition, the amount of shear force in the members is also controlled in terms
of force. As the results show, the amount of shear force in the connection beam is about 18
tons, which according to the initial design, the beams of the structure are able to withstand this
force. However, in the side beams, the shear force has reached about 56 tons. Therefore, the
side beams must be strengthened in terms of shear.

Baso Shoar vs Monitored Displacemaent
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Figure 19- Structural capacity curve in the 2D-B15-E3.5 model

-2-1-3Second case

As mentioned at the beginning, the second case, the base structure is considered in such a way
that it has a completely unacceptable performance in the design earthquake and reaches the
destruction level. The geometry and shape of the frame in this case is the same as the three-
span, three-story frame in Figure 8, with the difference that the characteristics of its element
sections have changed in a way that has caused weakness in the structure.

The cross-section of the beams of all floors is considered to be square with dimensions of 40
cm and the upper and lower reinforcements of the section are equal to 3¢20. Also, the
dimensions of all columns of the floor are considered to be 40 cm. It is necessary to explain
that the longitudinal reinforcements of the column sections are @25 and its transverse
reinforcements are ¢10@125 mm. According to the above explanations, the characteristics of
the bending plastic joint of the beams have been defined. Also, the columns of the structure are
defined using the Fiber-M2-M3 element. It should be noted that in this case, due to the
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possibility of plastic hinge formation in the structure under the effect of gravity loads, in the
beams, in addition to the two ends, a plastic hinge is also defined in the middle of the spans, as
shown in Figure 31.
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Figure 20 - Location of plastic hinges in structural members

After defining the nonlinear behavior of the structure, gravity loads are first applied to the
structure, followed by incremental lateral loads. According to the new edition of the 360
publication, the lateral load distribution used in nonlinear static analysis is considered to be
proportional to the first mode of the structure. The capacity curve of the structure, which shows
the base shear versus roof displacement, is shown in Figure 21.

Base Shear vs Monitored Displscemont

Base Shear, o

Mun:u-d Dn’;;anmlnil;tm
Figure 21 - Structural capacity curve

The target displacement is also calculated according to publication 360 as follows. It should be
noted that the values of C1 and C2 are approximately equal to 1 and the coefficient CO is also

calculated according to publication 360 as 1.2.
2 2

5 =CCCS, g =1.2x1x1x0.8x =1 %1000 = 33cm
A Ar

By checking the results of the nonlinear analysis, it is determined that the structure will
collapse before reaching the target displacement (Figure 22).
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Figure 22 - Collapse of the structure

In order to strengthen the base structure, we use divergent steel braces. Therefore, at this
stage, we install the braces in the middle span. The brace cross-section is a box type with
dimensions of 15 cm.

However, in order to find the optimal geometry, three different cases have been considered,
the difference between these structures is in the length of the connecting beam. Therefore, the
length of the connecting beam in three separate cases is considered to be 1.7, 2.5 and 3 meters,
and based on that, the names of the models are 2D-B15-E1.7, 2D-B15-E2.5 and 2D-B15-E3,
respectively.

2 -1-2-1-3D-B15-E1.7 model

The length of the connecting beam in this model is considered to be 1.7 meters. The
geometry of this model can be seen in Figure 23.
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Figure 23 - Structure geometry and joint locations in the 2D-B15-E1.7 model
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The capacity curve of the structure for this model is shown in Figure 24. It can be seen that
the maximum displacement tolerated by the structure has decreased. However, the important
issue is the state of the structure at the target displacement. Because in this case, due to the
increase in the stiffness of the structure, the effective period of the structure is reduced to 0.62
and subsequently the target displacement is reduced sharply and reaches 10.5 cm. By
controlling the results of the nonlinear solution, it is clear that the structure reaches the target
displacement in the sixth step of the analysis. Therefore, the state of the structure must be
controlled in step 6 of the pushover analysis (according to Figure 25). By controlling the state
of the structure at the target displacement, it is observed that almost all beams and columns
have remained in the elastic state except for the connection beams and its side beams, which
have undergone very high rotations and have reached the point of collapse. In addition, the
amount of shear force in the members is also controlled as a force. In Figure 25, the amount of
shear forces generated in the structural members at the target displacement is shown. As can
be seen, the amount of shear force in the connecting beam is about 46 tons and requires
strengthening.

Baswe Shear va Mondared Displacement
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Figure 24- Structural capacity curve in the 2D-B15-E1.7 model
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Figure 25- Structural condition and member shear force at target displacement

2 -2-2-1-3D-B15-E2.5 model

The length of the link beam in this model is considered to be 2.5 meters. The capacity curve
of the structure for this model is shown in Figure 26. It can be seen that in this case, due to the
increase in structural stiffness, the effective period of the structure is reduced to 0.78 and
subsequently the target displacement is greatly reduced and reaches 12 centimeters. By
controlling the results of the nonlinear solution, it is clear that the structure reaches the target
displacement in the third step of the analysis. Therefore, the state of the structure must be
controlled in step 3 of the pushover analysis. By controlling the state of the structure at the
target displacement, it is observed that all columns remain in an elastic state, but all beams,
including the link beams and their side beams, have undergone very high rotations and have
reached the point of collapse. In addition, the amount of shear force in the members is also
controlled in a force-wise manner. As the results show, the amount of shear force in the
connection beam is about 33 tons and its resistance is sufficient and does not require
reinforcement.

Base Shoar vs Monitored Displacement

Base Shear, tonf
g 8 3

w 195 w
Monitored Displacament, mm

Figure 26- Structural capacity curve in 2D-B15-E2.5 model

2 -3-2-1-3D-B15-E3 model

The length of the connecting beam in this model is considered to be 3 meters. The structural
capacity curve for this model is shown in Figure 27. It is observed that the maximum
displacement tolerated by the structure has decreased. However, in this case, due to the increase
in the stiffness of the structure, the effective period of the structure has decreased to 0.87 and
subsequently the target displacement has decreased sharply and reached 13.5 cm. By
controlling the results of the nonlinear solution, it is clear that the structure reaches the target

425



displacement in the fifth step of the analysis. Therefore, the state of the structure must be
controlled in step 5 of the pushover analysis. By controlling the state of the structure in the
target displacement, it is observed that in this case, a hinge is formed at the foot of the columns
but its rotation is limited to the life safety limit LS. But the connection beams still have the
highest rotation and it is observed that they need local strengthening. In addition, the amount
of shear force in the members is also controlled in terms of force. As the results show, the
amount of shear force in the connection beam is small, but in its side beams, the shear force is
about 46 tons and needs strengthening.

Base Shear vs Monitored Displacement
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Figure 27- Structural capacity curve in the 2D-B15-E3 model
-2-3Results from the two studied cases
By examining the results, it can be said that adding divergent braces to concrete flexural frames
can be very effective in structures whose performance level is very difficult (destructive
structures). It can be seen that in the structures studied based on the second scenario, the
performance level of the structure before and after strengthening is very different, and if we
strengthen the connecting beams locally, a destructive structure can be upgraded to the 10 and
LS performance levels. On the other hand, the most optimal geometry in this study is the case
where the length of the connecting beam is equal to the length of its side beams, in other words,
the location of the steel braces is at one third of the beam span.

-4Performance of the optimized reinforced concrete frame with divergent Sherwin braces and
reinforcement of the connecting beam

According to the studies carried out in the previous sections, in this section, the 2D-B15-E1.7
model, which was related to the second case, was selected as the most optimal model and
further studies were carried out on it. In this section, assuming local reinforcement of the
connecting beam, we investigate the seismic behavior of this frame.

In the modeling, it is assumed that the connecting beam is reinforced using one of the
strengthening methods and its yield moment is 30 Ton.m and its shear capacity is 53 tons. With
these assumptions, the capacity curve of the structure is obtained as shown in Figure 28. In this
structure, due to the increase in the stiffness of the structure, the effective period of the structure
is reduced to 0.62 and subsequently the target displacement is greatly reduced and reaches 10.5
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cm. By checking the results of the nonlinear solution, it is determined that the structure reaches
the target displacement between the third and fourth steps of the analysis. Therefore, the state
of the structure in steps 3 and 4 of the pushover analysis (according to Figures 29 and 30)
should be checked and its average should be used as the criterion.

Base Shears va Monitored Displocement
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Figure 28 - Capacity curve of reinforced sample
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Figure 29 - Structural condition in step 3 of the analysis
By checking the structural condition in step 3, it is determined that the entire structure is elastic
and in step 4 the structure is within the LS range, one member has also reached the CP limit.

Therefore, on average, it can be said that the entire structure has provided the life safety
performance level.
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Figure 30 - Structure condition in step 4 of analysis
In addition, the amount of shear force in the members is also controlled in the form of force.
In Figure 31, the amount of shear forces created in the structural members in step 4 is shown.
As can be seen, the amount of shear force in the connection beam is about 54 tons, and

considering that the average of steps 3 and 4 is the criterion, it can be said that the shear capacity
of the beam is responsive to the created shear.

5TORY3

STORYZ

S5TORY"

=5 > X

BASE

Figure 31- Shear force in members at step 4
-1-4System ductility

In order to examine the ductility of the system, it is necessary to first convert the capacity curve
into a bilinear form. It should be noted that in bilinearizing the curve, due to the special shape
of the curve of this structure, the criterion of 60% of the effective base shear cannot be
observed, and therefore, according to existing references, the curve is bilinearized with the

initial stiffness and the area under the bilinear curve is also equal to the area under the capacity
curve. In Figure 32, the bilinear curve of the structure is shown.
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Figure 32 - Bilinearization of the capacity curve

The ductility requirement is also equal to the target displacement to the effective yield
displacement in the bilinear curve. The target displacement in this structure is equal to 10.5 cm
and the effective yield displacement in the bilinear curve is equal to 8.2 cm, therefore, the
system ductility requirement is equal to 1.28. The system ductility capacity is equal to the
maximum displacement that can be tolerated by the structure to the effective yield displacement
in the bilinear curve, which, according to the above curve, results in the system ductility
capacity equal to 1.2. Thus, according to the principle of equal displacements of linear and
nonlinear systems, the behavior coefficient corresponding to the ductility Ry is equal to 1.2.

If we calculate the behavior coefficient corresponding to the ductility Ry in all the structures
examined in this study, the average value is 2.45. Therefore, the average value of this parameter
is considered equal to this value and we have:
R,=245

-2-4System additional resistance coefficient
The system additional resistance coefficient Q0 is equal to the base shear created in the
structure when the effective base shear mechanism of the structure is formed in the bilinear
curve. In this structure, the value of the additional resistance coefficient is equal to about 1.5.
By calculating the value of the additional resistance coefficient Q0 in all the investigated
structures and averaging it, the average value of this parameter is obtained equal to 2.5 and we
have:
Q, =25

-3-4System behavior coefficient
The system behavior coefficient at the allowable stress level (based on the third edition of
Regulation 2800) is equal to the behavior coefficient corresponding to the ductility of the
system multiplied by its additional resistance coefficient in the allowable stress method
coefficient, which in this structure is obtained as 8.58 according to the calculations below.
R=R,xQ,xY =245x2.5%x1.4=8.58

4-4- Failure modes
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As observed in the previous sections, the failure modes of flexural frames are mainly of
the widespread type and occur in all structural members. In these structures, plastic
hinges are usually formed at the ends of the beams and at the base of the columns, which
makes it very difficult to strengthen the structure after an earthquake. However, by adding
divergent steel braces to concrete flexural frames, all plastic deformations are
concentrated at the connection beam location, and after an earthquake, it is sufficient to
locally strengthen only the connection beam.

5- Conclusion
The results extracted from this research are as follows:
1- Adding divergent metal braces to concrete frames can improve the performance level
of the structure to several levels.
2- Adding divergent metal braces to concrete frames that have a very low performance
level (destructive) will have the greatest results.
3- Adding divergent metal braces to concrete frames causes plastic deformations to
concentrate in the connection beam, and therefore the connection beam must also be
locally strengthened.
The most optimal arrangement of divergent braces in concrete beams (in this study) is such
that the intersection of the braces should divide the concrete beam into three equal parts.
The ductility of concrete flexural frames strengthened with divergent metal braces is about
2.5.
The behavior coefficient corresponding to the ductility of concrete flexural frames
strengthened with divergent metal braces is about 2.5.
The additional resistance coefficient of concrete flexural frames strengthened with divergent
metal braces is about 2.5.
The behavior coefficient of concrete flexural frames strengthened with divergent metal braces
is about 5.8.
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