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ABSTRACT

Innovative braces in steel structures aim to improve the performance, resilience, and efficiency of buildings
under various loads, such as seismic activity. Different types of braces are designed and used in the building
according to the seismic needs of the structure. Considering the importance of modern bracing systems, in
this research, a 10-story steel structure was modelled with Abaqus software and finite element method
(FEM). Steel structures have three types of bracing systems including (a) inverted v braced frame (IVBF),
diagonal braced frame (DBF) and (c) proposed parabolic braced frame (PPBF). The structures were
subjected to the EI Centro earthquake for 25 seconds using the implicit dynamic method. Seismic indexes
investigated include von-mises stress, total displacement and total acceleration in the structure and
displacement-time, acceleration-time and base shear-time diagrams. The results showed that the proposed
parabolic bracing system has a very good performance and has better seismic criteria compared to diagonal
braces and reverse v braces. The proposed bracing has greatly increased the power of the steel structure
in the dissipation of the earthquake force. The proposed parabolic bracing system can be used as a new
bracing system in steel structures.
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1. Introduction

The performance of steel structures is influenced by the geometry of the bracing system. Bracing
systems are essential components of steel structures that provide stability and resistance to
earthquake or blast [1-3]. They can be classified into different types, such as concentric, eccentric,
or buckling-restrained braces, depending on their geometry, connection and behavior [4].
Designing bracing systems requires careful consideration of several factors, such as structural
performance, constructability, cost, and aesthetics [5,6]. The different bracing configurations play
an important role in sizing the braces, which impacts the initial material usage and the overall life
cycle cost of the building [7—9]. There are various types of bracing systems used in steel structures,
including plan bracing, U frame bracing, roof horizontal bracing, column bracing, diagonal steel
members, and concrete cores. Plan bracing is not commonly used in modern steel composite
bridges due to conflicts with the deck, but it can be positioned below the deck slab [10,11]. U frame
bracing is usually provided to restrain the beams in the completed condition, and it is located below
the deck, which can distribute collision and wind loads more effectively [11-13]. Braced frames
are a very common form of construction, being economic to construct and simple to analyze. The
bracing system carries all lateral loads, and a horizontal bracing system may need to be provided
in each orthogonal direction. The floor bracing is frequently arranged as a Warren truss, or as a
Pratt truss, or with crossed members acting only in tension [14-16]. Barghian and Hussein [17]
investigated Diamond cable bracing with rings for steel structures. The aim of research was the use
of cable bracing with a new configuration so that all cables remain in tension. Sap2000 software
was used to model the cables and rings. The results showed that the proposed system eliminated
the main weakness of the X-shaped cable bracing system. Hashemi et al. [18] presented the
proposed design procedure for steel self-centering tension-only braces with resilient connections.
The proposed procedure is used to design a 5-story steel structure with RSFJ tension-only x-braces
to verify its efficiency and to demonstrate that the system can meet the ductility demand
recommended by the standard. The numerical results showed that the proposed procedure could
accurately predict the behavior of the system and potentially can be used for low damage bracing
systems with a flag-shaped load-deformation response. Jiang et al. [19] studied a new type of steel
buckling-restrained brace. In this new-type steel BRB, two T-shaped steels are adopted as the minor
restraint elements to restrain the core plate instead of in-filled concrete or mortar. Meanwhile, the
ingot-iron material with low yielding strength and high elongation is applied to the steel core to
study the mechanical properties of steel BRBs. To validate the theoretical requirements for the
width-to-thickness ratio of the steel core and the thickness of angle steel, quasi-static tests of eight
specimens were conducted. Taiyari et al. [19] presented a proposal for energy dissipative braces
with U-shaped steel strips. The proposed bracing system can be considered as a hysteretic damper,
which combines the advantages of the yielding dampers and the buckling resistant braces (BRB).
The test results confirm the high dissipating capacity of the proposed bracing system. Ghamari et
al. [20] presented a proposal for improving the behavior of CBF braces using an innovative flexural
mechanism damper, an experimental and numerical study. In this study, a new steel damper with
flexural mechanism is proposed, which is investigated experimentally and numerically.
Experimental results, as well as the numerical results, indicated that the proposed damper enjoys a
stable hysteresis loop without any degradation up to a high rotation equal to around 31% which is
significantly considerable. Parsa et al. [21] conducted a numerical study of the cyclic behavior of
a proposed all-steel brace with reduced fuse length. This type of system provides a suitable level
of stiffness for structures under low and intermediate seismic oscillations. In this study, the samples
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were stable and had relatively symmetrical cyclic behavior in the compression and tension zones.
Parvini Sani [22] discussed the investigation of bearing capacity of the proposed circular lateral
bracing system with friction seat connection with column. For this purpose, the OGrid is used and
different connections of the frame to the circular brace that embrace the connection of the brace to
the beam and to the columns, as well as comparing the presence of friction and the absence of
friction between the brace and the frame is modeled and the results are reviewed. It is found that
by releasing the connection of the circular brace with I-shaped cross section to the column and
creating friction between them with a coefficient of 0.5, the bearing capacity increases up to 22%
compared to the restrained connection. Abdulridha [23] investigated the behavior of a multi-story
steel structure with an unusual X-brace. In this investigation, 120 multi-story steel frame buildings
were selected. These multi-story structures include six-, nine-, and twelve-story geometries. Etabs
built a full-scale FE model of multi-story structures. The study's parametric variables are the X-
brace eccentricity, steel X-brace section size, and X-braced placement. Eccentric X-braces reduce
lateral stiffness, allowing more significant floor movement. Flogeras et al. [24] investigated the
seismic response of steel structures with properly detailed tension-only steel braces. Such braces
can be produced by a cheap and easy to fabricate detailing process which allows the brace to slide
when in compression and to develop a resisting force when in tension. Mahdavi et al. [9] discussed
modeling and comparison of plastic performance in ten types of new steel braces under pushover
analysis. In this study, 10 bracing systems of steel structure including diagonal, gate, V, invert V,
knee, rhombus, forward concentrically, zipper, cross, concentrically and steel moment frame were
modelled with Sap2000 software. The results showed that concentric braces (in 4-story) and zipper
(in 8-story) have the greatest ability to create plastic hinges. Zheng et al. [25] investigated the
seismic performance of improved multi-storey X-braced steel frame. The analysis shows that the
brace of the improved multi-storey X-braced steel frame does not experience instability, and the
lateral bearing capacity is increased by 20%. The vertical displacement in the middle of the brace-
intersected beam is small. The improved multi-storey X-braced steel frame exhibits good seismic
performance. Xu et al. [26] discussed the development and investigation of a self-centering cable
brace with variable slip stiffness for braced frame structure. The results showed that the inclination
angle, friction coefficient and compressive stiffness of disc springs are the main parameters
affecting the mechanical behavior of the earthquake damping system. Zheng et al. [27] investigated
the seismic performance of braced frame structure with double-cylinder arc energy dissipator. In
this study, the seismic performance of the braced frame structure with a double-cylinder arc energy
dissipator was analyzed by Abaqus. The results indicated that seismic energy could be dissipated
through the deformation of the outer cylinder, inner cylinder, and rib plate. Gu et al. [28]
investigated An uncoupled damping system for tension-only braced structures. The results indicate
that while adopting TOB-AVD, the inter-story drift ratio, peak floor acceleration and floor
acceleration amplification are reduced by 60.7%, 49% and 49% in average, eliminating the
degradation phenomenon happening in TOBs and protecting both structural and non-structural
components in tension-only braced structures. Ye and Wang [29] investigated analytically optimal
parameters of supplemental brace-damper system in single-degree-of-freedom structure based on
stability maximization criterion. Through numerical study, it is demonstrated that the seismic
response of the proposed SMC-based OBS criterion and SMC-based ODS criterion excellently
agree with those of the existing OBS criterion and ODS criterion, respectively. Ebrahimi and
Mirghaderi [30] presented a new friction—slip brace damper to improve seismic performance of
braced frames. The study findings showed that in the models equipped with the friction-slip
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damper, the braces experienced no global buckling, local buckling, yielding, plastic hinge, damage,
and fracture. Hamidi and Soleimani [31] Extending substitute frame model as a rapid supersede
for moment frames and X-braced structures in seismic response estimations. It has been shown that
the proposed simplified model can estimate the responses of moment frames and X-braced systems
with acceptable accuracy in a considered practical engineering platform. Rangaraj et al. [32] did a
comparative analysis of unbraced and braced steel buildings in different floors. Linear static and
dynamic analysis are carried out to study the behavior of G+3, G+7 and G+10 storied steel
buildings with and without chevron bracings using STAAD Pro. Liu et al. [33] presented a novel
brace-damper system for seismic response suppression of high-rise steel frame structures. In this
study, a dynamic analysis is performed for 10- and 20-storey steel frame structures, with five
typical ground motions. The results indicate that structures involving C-SIBDS, compared with the
uncontrolled structures, the peak displacement at the top is reduced by approximately 15-65%, the
inter-storey drift angle is reduced by approximately 30-90%, and the storey shear force is reduced
by approximately 35-95%, which are lower than those involving CBDS by approximately 45-10%,
5-45%, and 5-50%, respectively.

2. Methodology

In the current research, a 10-story steel structure was designed with Abaqus software [34-37] and
finite element method (FEM) [38—42]. The frames are designed in two dimensions (2D). The story
height is equal to 3 meters. The left and right span length is equal to 5 meters and the middle span
length in the frame is equal to 7.5 meters. In modelling the steel structure, Wire element is used in
Abagus. The loading of the structure includes gravity loading (dead and live load=3400 kg/m) and
lateral loading (seismic force). In this research, three steel bracing systems were designed and
compared. The investigated bracing systems include (a) inverted v brace frame (IVBF), (b)
diagonal brace frame (DBF) and (c) proposed parabolic brace frame (PPBF). In Figure (1), the
details of the proposed parabolic brace are presented. ST37 steel was used in the modelling, the
specifications of which are presented in Table (1).

o

b

" Proposed Parabolic Brace

Story Height
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Figure. 1. The proposed parabolic brace system by Mahdavi et al.
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Table 1. Characteristics of the elastic and plastic sections of steel used in structural modelling by Abaqus

[43-45].
Elastic Section Plastic Section
b
Pa{é:}f)t er l\s/{[(())l(llllllgluss Density Poisson's Melting Transition Rate
(Kg/cm?) (Kg/cm?) Ratio Temp Temp Dependent
Nuvrzlel?ecal 210x10° 0.001 03 0.0915 1300 0.22

The design of the structure was done by LRFD method [44]. El Centro accelerometer [46] was
used for seismic loading of the structure for 25 seconds (Figure 2).

0.4
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o
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Figure. 2. El Centro earthquake accelerometer [46].

Structural analysis was done by implicit dynamic method [47,48]. Implicit dynamic analysis is a
method used in finite element analysis (FEA) to solve for the displacements, velocities, and
accelerations of a structure or material under dynamic loads [48]. It uses a numerical solver to
invert the stiffness matrix once or even multiple times to establish equilibrium [49]. Implicit
dynamic analysis can be applied to a broad range of applications, including transient fidelity
applications, such as satellite systems, and general nonlinear dynamic analysis. Some key aspects
of implicit dynamic analysis include:

o Time increment size: The time increment size may vary considerably during an analysis,
and the time increment control algorithm depends on the type of dynamic application [49,50].

o Nonlinearities: Implicit analysis handles nonlinearities, such as contact and material
nonlinearities, with relative ease compared to explicit analysis [49,50].

o Solution method: In implicit dynamic analysis, nodal forces associated with mass/inertia
and damping are included, and the solution of each step requires a series of trial solutions
(iterations) to establish equilibrium [49,50].

o Time step: The time step in explicit finite element analysis must be less than the Courant
time step (time it takes a sound wave to travel across an element), while implicit analyses have no
such limitation [49,50].
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3. Results

3.1. Von-Mises Stress

In this section, the total von-mises stress caused by the El Centro earthquake in 10-story steel

structures with different bracing systems is presented.
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Figure. 3. The total von-mises stress resulting from the EI Centro earthquake in steel structure with different bracing
systems; (a) IVBF, (b) DBF and (c) PPBF

Figure 3 showed that the steel structure with PPBF brace system has a lower maximum stress
compared to IVBF and DBF braces. The structure with IVBF bracing system has the maximum
stress and has the weakest performance in this section. The PPBF brace has caused less stress to
be applied to the steel structure members and has a higher capacity during an earthquake.
Therefore, the PPBF bracing system is the best bracing system in this sector.

3.2. Displacement
In this section, the total displacement caused by the El Centro earthquake in 10-story steel
structures with different bracing systems is presented.
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Figure. 4. The total displacement resulting from the Kobe earthquake in steel structure with different bracing
systems; (a) IVBF, (b) DBF and (c) PPBF

Figure 4 showed that the steel structure with IVBF brace system has less displacement compared
to PPBF and DBF braces. The structure with DBF bracing system has the most displacement and
has the weakest performance in this section. The PPBF bracing causes a relatively small impact on
the steel structure members and has a suitable capacity during an earthquake. The difference in
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displacement in steel structures with PPBF and I\VVBF braces is very small, and the PPBF brace
performance is acceptable.

3.3. Acceleration
In this section, the total acceleration caused by the El Centro earthquake in 10-story steel structures
with different bracing systems is presented.
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Figure. 5. The total acceleration resulting from the Kobe earthquake in steel structure with different bracing systems;
(a) IVBF, (b) DBF and (c) PPBF

Figure 5 showed that the steel structure with IVBF bracing system has a lower slope compared to
PPBF and DBF bracing. The structure with PPBF bracing system has the highest acceleration and
does not perform well in this section. The PPBF bracing has caused maximum acceleration to be
formed in the bracing system and has prevented the application of maximum stresses to the main
members of the structure (columns). Therefore, the overall performance of the PPBF brace in this
section is acceptable.

3.4. Displacement-Time
In this section, the displacement-time diagram caused by the El Centro earthquake in 10-story steel
structures with different bracing systems is presented.
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Fig. 6. The displacement-time diagram resulting from the Kobe earthquake in steel structure with different bracing
systems; (a) IVBF, (b) DBF and (c) PPBF
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Figure 6 showed that the steel structure with DBF bracing system has the least displacement
compared to other braces. Numerical calculations showed that the average displacement in the
structure with DBF bracing system is equal to 0.077 m. The average displacement in structures
with PPBF and DBF bracing systems is equal to 0.087 m and 0.107 m, respectively. The
performance of the PPBF brace is good and acceptable.

3.5. Acceleration-Time
In this section, the acceleration-Time diagram caused by the El Centro earthquake in 10-story steel
structures with different bracing systems is presented.
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Figure. 7. The acceleration-time diagram resulting from the Kobe earthquake in steel structure with different bracing
systems; (a) IVBF, (b) DBF and (c) PPBF.

Figure 7 showed that the steel structure with PPBF bracing system has the lowest acceleration
compared to other bracings at the time of earthquake. Numerical calculations showed that the
average acceleration in the structure with PPBF bracing system is equal to 1.189 m/s2. The average
acceleration in steel structures with IVBF and DBF bracing systems is 1.341 and 1.959 m/s2,
respectively. Therefore, in this section, the PPBF bracing system has the best performance.

3.6. Base Shear-Time

In this section, the base shear-Time diagram caused by the El Centro earthquake in 10-story steel
structures with different bracing systems is presented. Figure 8 showed that the steel structure with
PPBF bracing system has the lowest base shear compared to other bracing systems. Numerical
calculations showed that the average base shear force in the structure with PPBF bracing system is
equal to 311165.2 N. The average base shear force in steel structures with IVBF and DBF bracing
systems is equal to 412841.7 N and 784644.7 N, respectively. In this section, the PPBF bracing
system performs best.
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Figure. 8. The base shear-time diagram resulting from the Kobe earthquake in steel structure with different bracing
systems; (a) IVBF, (b) DBF and (c) PPBF.

4. Discussion

Bracing systems play a crucial role in enhancing the seismic performance of structures. They
provide stiffness and strength to resist earthquake shaking, and their configuration can significantly
impact the structure's seismic response. Different types of bracing systems have been proposed and
studied for their effectiveness in improving seismic performance. Some key findings from these
studies include:

a) Increased seismic resilience: Adding bracing to frames considerably increases their seismic
resilience, as evidenced by reduced storey displacements, the number of hinges, plastification, and
roof displacement time history.

b) Reduced drifts: Bracing elements are successful in reducing drifts, as seen by the reduction of
inter-storey drifts compared to unbraced frames.

c¢) Significant reduction in global damage index (GDI): Steel braces contribute to a significant
reduction in the GDI, which measures the extent of damage to a structure during an earthquake.
Different bracing configurations have been investigated for their impact on seismic performance.
For example, a study on reinforced concrete frames with different bracing systems compared the
seismic behavior of inverted V-braced frames (IVBF), V-braced frames (VBF), X-braced frames
(XBF), diagonally braced frames (DBF), three-member gate braced frames (TMGBF), modified
inverted V-braced frames (MIVBF). The results showed that each bracing system has its own
advantages and disadvantages, and the optimal choice depends on the specific design and
performance requirements of the structure. In conclusion, bracing systems are essential for
enhancing the seismic performance of structures. They provide increased stiffness and strength,
reduce drifts, and contribute to a significant reduction in the global damage index. Different bracing
configurations have been studied, and the optimal choice depends on the specific design and
performance requirements of the structure.
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In the present research, a 10-story steel structure was modelled with Abaqus software and finite
element method. Then, with the implicit dynamic analysis method, it was subjected to the EI Centro
earthquake (far from the fault) for 25 seconds. Steel structures with three bracing systems
including; (a) Inverted V brace frame (IVBF), (b) diagonal brace frame (DBF) and (c) proposed
parabolic brace frame (PPBF). Structures in seismic performance indicators include total von-
mises stress, total displacement, total acceleration, displacement-time diagram, acceleration-time
diagram and basic shear-time diagram. The results showed that the proposed bracing system has a
very good seismic performance and has the best performance in three seismic parameters and has
a good and acceptable performance in other indicators. Until now, there has been no parabolic-
designed bracing. The circular brace is proposed by Bostani et al. [51]. The proposed brace by [51]
has good performance and has a geometry similar to the brace proposed in the current research
(PPBF). But the PPBF system is parabolic (not semi-circular) and is suitable for rectangular frames.
The results of researches such as [51-54], confirm the general results of the current research. In
the future researches, we will try to get the optimal formula for the design of parabolic brace
geometry.

5. Conclusion

The results of the current research are as follows:

In the maximum von-mises stress criterion, the PPBF bracing system performed best and the steel
structure with PPBF brace has the lowest maximum von-mises stress. The reduction of von-mises
stress in structural members causes the forces caused by stress in the structural members to decrease
and less damage occurs in the building during an earthquake.

In terms of maximum displacement in the structure, the IVBF bracing system performed best and
the steel structure with IVBF brace has the lowest maximum displacement. Decreasing the
displacement of the structure means that during an earthquake, the departure from the center of the
structure is reduced and the off-axis forces in the members are reduced.

In terms of maximum displacement in the structure, the IVBF bracing system has performed best
and the steel structure with IVBF bracing has the lowest maximum acceleration. Decreasing the
structure's acceleration causes the structure to be more static and the forces acting on the members
are static. Overall, the structure tolerates smaller forces and the functional level of the members
increases.

In the displacement-time diagram in the structure, the DBF bracing system has performed best and
the steel structure with DBF bracing has the lowest average displacement. Reducing displacement
throughout the duration of the earthquake makes the structure more stable and able to have a higher
performance level.

In the acceleration-time diagram in the structure, the PPBF bracing system had the best
performance and the steel structure with PPBF bracing has the lowest average acceleration. The
proposed bracing system has a much lower average acceleration compared to the other two bracing
systems. The decrease in the acceleration of the structure indicates the high power of the bracing
system proposed in the current research in the dissipation of seismic force.

In the base shear-time diagram in the structure, the PPBF bracing system performed best and the
steel structure with PPBF brace has the lowest base shear. Reducing the base shear in the structure
makes the columns of the structure thinner and less material is consumed in the building. Also, the
possibility of collapse of the structure and failure of the columns is reduced.
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The proposed parabolic bracing system (PPBF) was able to perform well and meet the seismic
needs of the building in all the criteria examined in the research. Therefore, PPBF brace can be
used as a new system in steel structures. In the next researches, the performance of this brace in
other loadings and different structural conditions will be investigated.
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