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ABSTRACT

The use of steel braces in the structure is the most practical method to increase the lateral stiffness of the building. Today, all
types of modern braces are used in steel structures. Gate and Inverted V braces are very common and modern. In the present
paper, by using ABAQUS software and Finite Element Method (FEM), Gate and inverted V braces are modeled and compared.
St37material is used for modeling. In the present paper, the structures are analyzed by modal methods in the frequency domain.
The present paper is confirmed with the results of the paper by Mosalman et al. The results show that the Inverted V brace has a
lower von Mises stress (equal to 29.18% reduction) and displacement (equal to 16.69% reduction) as compared to the Gate brace.
Also, the Gate brace has a lower natural frequency and eigenvalue (equal to 19.46% attenuation) as compared to the Inverted V
brace.
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1. Introduction

The bracing system in steel structures is the best method to increase the (lateral) stiffness of the building.
Nowadays, all kinds of modern braces, including gate braces and inverted braces are used in buildings [1, 2]. Braces
have special characteristics and an improvement in the performance of the brace increases the seismic performance
of the structure [3]. Therefore, checking and comparing the performance of new braces are important and practical.
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Nomenclature

The mass matrix

The damping matrix

The stiffness matrix

The displacement vector

The velocity vector

The acceleration vector

The system’s generalized mass matrix
The effective modal mass

The coefficient vector

The modal participation factor matrix
The eigenvector matrix

The influence vector
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In the present paper, the evaluation of new braces, including Gate and Inverted V with the Finite Element Method
(FEM) is done. Modeling has been done with FE software to have new results for engineers. Ullah et al. [4]
investigated the seismic performance of steel frame with chevron brace and damper. The results showed that the
presence of the damper increases the performance of the brace. Behnamfar et al. [5] evaluated the performance of
concentrically braced frames with dampers. This paper has been done on 4, 8 and 12-story structures with CBF
brace. The results showed that the proposed brace has reduced the story drift. Qiu et al. [6] evaluated the seismic
performance of steel frames with Knee brace. This study was done on 3 and 6-story structures. The results showed
that the presence of the brace reduces the story drift. Ghiasvandan et al. [7] investigated the experimental and
numerical analyses of new braces to improve the seismic performance. This study was done with ABAQUS
software. The results showed that the Knee brace increases the durability of the structure against lateral loads.
Mokhtari et al. [8] investigated the seismic performance of braced frames. This study was done with the incremental
dynamic method. Li et al. [9] investigated the stiffness in steel structures with eccentrically braced frames (EBF).
The results showed that the EBF braces increased the performance. Zhang et al. [10] investigated the seismic
performance of eccentrically braced steel structures based on plastic design. In this paper, 6 and 9-story structures
were modeled and analyzed with SAP2000 software. The results showed that the elastoplastic performance of
structures is suitable. Mata et al. [11] investigated the seismic performance of eccentrically braced frames with IDA
analyses (under Chile earthquake). In this paper, 8, 12 and 16-story structures were modeled and analyzed. In this
study, more than 15000 analyses have been performed. The results showed that structures with greater stiffness
(braced frames) have a lower probability of collapsing in earthquakes. Mahdavi [12] investigated steel structures
with different types of CBF and EBF braces. In this paper, 4 and 8-story structures were modeled and analyzed with
SAP2000 software. They investigated 10 types of braces with nonlinear static analyses. The results showed that the
concentrically braced frames (4-story) and the zipper brace (8-story) have the highest capacity in creating plastic
hinges. Gao et al. [13] investigated concentrically braced structures. This research has been done using the time
history analysis method. Bradley et al. [14] designed a CBF with low ductility. The results showed that the proposed
brace can be a good alternative to the modern braces. Haji Mazdarani et al. [15] were able to optimize concentrically
braced steel structures. In this paper, reliability-based design optimization (RBDO) for 4, 5 and 9-story steel
structures has been performed using the new algorithm.

In the present paper, two new concentrically braced structures have been modeled. In very few papers, modern
concentrically braced structures have been subjected to modal analysis. Therefore, the modal analysis of the Gate
and Inverted V braces will yield new results, which are reviewed in the present paper. This research returns many
results such as von Mises stress, displacement, natural frequency, etc. Therefore, there are many innovations in the
present paper.

The Gate brace is similar to the Chevron brace, except that brace members are not straight. Gate brace has
advantages such as increasing the geometric space [16—18]. Figure 1-a. shows the Gate brace. In the Inverted V
brace, that is a type of concentrically braced structure, the brace members under gravity loads have maximum
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tension. Also, bracing members have compressive forces under lateral loads and overcome tensile forces. Therefore,
this factor causes the behavior of the Inverted V brace to be better than Chevron brace [17,18]. Figure 1-b. shows the
Inverted V brace.

2. Validation

The present research has been validated using the study by Mosalman et al. [19]. In [19], the Gate brace is
subjected to nonlinear static loading. Modeling in [19] has been done with ABAQUS software and Finite Element
Method (FEM). In the present paper, the loading of the model was done based on [19]. The validation results of the
present research are presented in Fig. 2. Based on the results, the error is less than 5%, and therefore, the modeling is
confirmed.

3. Methodology

In the present study, steel frames are designed with ABAQUS software. Gate and Inverted V braces are located
in the structures. The frames modeled in the present research are shown in Fig. 3.
The story height and the span length are equal to 3.2 and 6.6 meters, respectively. In the modeling, ST37 steel is
used and material specifications are presented in Table 1.

—&— Mosalman et al.

—8— Present study
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Fig. 2. (a) Modeling in [19]; (b) The present study modeling for validation; (c) Comparison between present study and [19].
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In the present study, modal analysis in the frequency domain has been used to analyze structures. The 10
vibration modes in structures have been investigated. In the eigensolver section, the subspace method is used. The
maximum number of iteration in the analysis is 30 times. In general, in finite element modeling, the mesh size
should be according to Table 2. Meshing criteria are established in this study.

In general, if damping in the system with one degree of freedom is represented by the damping matrix, the
equation of motion is according to Eq. (1):

[MJx+[CRxj+[K]{x}= {0 (1)
Where:

M: mass matrix,

C: damping matrix,

K: stiffness matrix,

x: displacement vector,
X : velocity vector,

X : acceleration vector.

The solution (for the homogeneous model) for Equation (1) is in terms of eigenvalues and eigenvectors. Special
vectors show vibration modes. The generalized mass matrix is defined in Eq. (2) [21]:

m=¢'Mo ©)

m : system’s generalized mass matrix,
¢ : eigenvector matrix,

T .
¢ : transducer of the matrix ¢ .

=

Fig. 3. (a) Gate brace; (b) Inverted V brace in the present paper

Table 1. Characteristics of steel (St37) used in modeling by ABAQUS software [17]

Parameter ~ Minimum Yield  Minimum Effective Effective ) '
) Stress Tensile Stress ~ Tensile Stress Tensile Stress f‘{mgson s

(Unit) (Kg/em x cm) (Kg/lemxcm)  (Kg/em x cm) (Kg/em x cm) atio

Numerical

value 24x10° 27x10° 27.6x10° 2.55x10° 03

Table 2. Maximum element dimension in nonlinear analysis [20]

Row Type Minimum Yield Stress
1 2D Model Min (L/50 and B/5)
2 3D Model Min (L/50, B/5 and H/5)

Note: The element dimensions include L: Length, B: Width and H: Height.
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The influence vector examines a rigid body motion in all modes. Define a coefficient vector L as [21]:

L=¢'Mrt (3)
Where:
L : coefficient vector,
T : influence vector.
The modal participation factor matrix I'; for mode i is [21]:

I =(L;/my) “
Where:
I'; : modal participation factor matrix.
The effective modal mass (m ), for mode i is [21]:

m.q; = (L;*/my) (%)
Where:
m g : effective modal mass

In the present study, ABAQUS software is used for modeling braces. The elements included columns, beams,
connecting plates (3 types), plate under the column and connecting rods. The braces are of steel type. Therefore, by
assigning steel materials (Table 1) to elements, materials and sections are defined. Then by assembling the elements,
the complete brace is created. The step is then defined as frequency type. In the present research, 10 vibration modes
are investigated in braces. Next, the supports are assigned to the sub-columns. In the brace meshing section, an
approximate global size equal to 100 is considered. The mesh Control is Quad dominated. Finally, frequency
analysis is performed in the modal domain.

4. Presentation and Analysis of Results
4.1. Von Mises Stress

In this section, the von Mises stress in the four vibration modes of the structures, which are separated by type of
brace, is presented and compared (Figs. 4 and 5).
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Fig. 4. Von Mises stress (a) 1* mode; (b) 2" mode; (c) 3" mode and (d) 4" mode in Gate braces under modal analysis of frequency domain.

+.30

7,54

N

2.23

87

7,51

215

179

1.43

108

0.7

0,30

.00

. 12,23
i 1121
15,60 i
1L.e0 L
10.31 T' 1z
2,02 T4
M 'S.I:rﬂl
G o
515 T
3.87 Chs
250 Lae
130 e

Fig. 5. Von Mises stress (a) 1* mode; (b) 2°¢ mode; (c) 3" mode and (d) 4" mode in Invert V braces under modal analysis of frequency domain.
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Figure 4 and Figure 5 show that the maximum stress in the 1% to the 4% vibration modes is lower in the Inverted
V brace. Reducing the stress in the structure causes less compressive forces to be applied to the structure in an
earthquake or storm. Therefore, the probability of damage to the structure will be reduced. In Fig. 6, the numerical
analysis of the deformations in the 1% to the 4™ vibration modes are presented.

4.2. Natural Frequency

In this section, a numerical analysis of the natural frequencies resulting from the modal analysis, separated by the
type of brace and vibration modes, is presented (Fig. 7).

Figure 7 shows that the natural frequency in the Gate and Inverted V braces is almost equal. The sum of the
natural frequencies in ten vibration modes in the Gate and Inverted V braces is equal to 0.0003231723 and
0.00032317233 MHz, respectively. Therefore, the natural frequency in the Gate brace is lower.

4.3. Displacement

In this section, the displacement caused by the modal analysis in the frequency domain, separated by the
vibration modes and the type of brace, is presented (Figs. 8 and 9).

20
E 15
= O Gate
S 10
o M Inverted V
5 ST
0
Mode No. 1 2 3 4
O Gate 8.54 10.17 16.4 17.84
M Inverted V 43 5.51 15.46 12.23

Fig. 6. Analytical diagram of the maximum stress in the 1* to the 4" vibration modes in Gate and Inverted V braces
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Fig. 7. Natural frequency in Gate and Inverted V braces under modal analyses in the frequency domain
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Fig. 8. Displacement in the (a) 1* mode; (b) 2™ mode; (c) 3 mode and (d) 4" mode in Gate braces under modal analyses
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Fig. 9. Displacement in the (a) 1% mode; (b) 2™ mode; (c) 3™ mode and (d) 4" mode in Inverted V braces under modal analyses
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In order to perform numerical analyses, a comparison diagram for the Gate and Inverted V braces, in the
horizontal beam of the steel frame, is presented in Fig. 10.

Figure 10 shows that the horizontal beam in the frame with Inverted V brace has less displacement. The Inverted
V brace has a better structure than the Gate brace. Therefore, the force movement is better in the Invert V brace.

4.4. Eigenvalues
In this section, the eigenvalue, which represents the critical load during buckling, is presented and compared (Fig.

11). Figure 11 shows that the probability of buckling in an earthquake or storm is higher in an Inverted V brace.
Therefore, the stiffness of the Gate brace is higher in the modal analysis.
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Fig. 10. Beam displacement in Gate and Inverted V braces under modal analysis in the frequency domain.
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Fig. 11. Eigenvalue in (a) Gate brace; (b) Inverted V brace under modal analysis in frequency domain.
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5. Conclusion

The most important results of the present study are as follows:

In the von Mises stress parameter, the Inverted V brace outperformed the gate brace. The Inverted V brace has
29.19% less tensile force. The Inverted V brace is capable of better transferring the compressive forces and
establishes the balance in the structure. Therefore, less stress is created in the members of the structure. The
reduction of von Mises stress causes the structure to be subjected to smaller forces. Therefore, less damage is
caused in the structure. When large earthquakes occur, high stresses cause damage to beams and columns. So,
reducing the von Mises stress increases the stiffness and stability of the structure.

In the Natural Frequency parameter, the Gate brace has lower values (by a very small difference) compared to
the Inverted V brace. Due to the same frequency in the Inverted V and Gate braces, the modal performance in
this parameter is almost the same during earthquakes or severe storms. Reducing the brace vibration increases
the static performance. By increasing the static forces, the dynamic forces are decreased. Therefore, the
structure performance during an earthquake is improved.

The results show that the displacement of the Inverted V brace is less than that of the Gate brace. The inverted
V brace has better geometry (compared to the gate brace) in power transmission. Therefore, the forces are
transferred faster to other members and finally to the ground, and less damage is thus caused to members during
the earthquake in the inverted brace. The reduction of the displacement in the steel structure causes the structure
to have more static performance during nonlinear loading. The reduction of dynamic behavior in the structure
reduces the dynamic forces. Therefore, smaller forces are applied to the inverted brace.

The results show that the Inverted V brace has a higher eigenvalue than the Gate brace. The eigenvalue is
checked in the structure when there is buckling. Therefore, the results show that the Inverted V brace has a
higher probability of buckling in nonlinear loads (such as nonlinear statics (pushover) and nonlinear time
history). Buckling of the brace causes its load capacity to decrease. Excessive buckling of the brace and its
members completely destroy the brace and leave the structural equality system.
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