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ABSTRACT

The Concentrically Braced Frame System (CBFs) is one of the structural systems that can withstand
earthquake loads. In CBFs, the braces are an essential component to dissipate seismic energy. This
research aims to find an alternative to enhance seismic capability by comparing two different
sections of CBF braces: the IWF section (BU1) and the double-channel sections (BU2). Both
sections have equal sectional areas, but the double-channel sections have higher cross-sectional
inertia. The two brace models were then loaded by Random Variable Amplitude Loadings (RVAL).
The results showed that the BU1 demonstrated better seismic capability in terms of strength,
stiffness, and dissipated energy than the BU2. Moreover, to determine the effect of amplitude
variability on the performance of the Single IWF and Double-channel bracing, the influence of the
RVAL was analyzed, and it was revealed that increasing and decreasing displacement amplitude
tend to cause increasing and decreasing strength in a polynomial trend. Meanwhile, escalating
and reducing displacement amplitude leads to increasing and decreasing strength in the power

trend.

Keywords: CBF Systems, Bracing Performance, Random Variable Amplitude Loading, Seismic

Capability, Dissipated Energy

INTRODUCTION

Indonesia, located in Southeast Asia, has geographical characteristics that
make it vulnerable to earthquakes. The Concentric Bracing Frame System (CBF)
is a suitable configuration because it has good stiffness, which can improve the
structure’s performance against lateral loads due to earthquakes by increasing
the stability and stiffness of the structure [1-5].

In CBF, brace is essential component that plays important role in dissipating
energy from the earthquake, so that several modifications have been conducted
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in brace to enhance its performance in former studies, i.e., by utilizing Shape
Memory Alloy (SMA) with the Super Elastic characteristics and high damping
as the braces material; investigating the seismic performance of single bracing,
double-section bracing with batten plates, double-section bracing with lacing;
and conducting comparative study of the implementation initial bracing (without
replacing old braces) and CBFs with new bracing that replaces previous bracing
at the CBF tested under earthquake load [6-13].

The influence of bracing configuration in CBFs, i.e., X, V, inverted V, and two-
story X and combination of two systems, i.e., Self-Centering Braces (SCBs) and
Buckling-Restrained Braces (BRBs) were evaluated to the earthquake load at the
past studies, where the research work revealed that the brace configurations
determined the dimensions of the CBFs’ components and the structure can
obtain the advantages from SCBs-BRBs combination [14-17]. Observations
on fracture and low-cycle fatigue of the CBF brace in Seismic Self-Centering
Concentrically Braced Frame (SC-CBF) under repeated loads have also been
carried out at previous research works [18-19]. Former works also conducted
nonlinear dynamic and pushover analysis for multi-storey CBFs for different
seismic intensities [20-22]. Another researcher analyzed the CBFs referring to
the SNI-1729-2020 and AISC 341-16 [23].

This study evaluated the seismic performance of two different section
bracings, i.e., double-channels and IWF-section bracings. Both bracings were
modelled in Abaqus v6.14 and loaded with Random Variable Amplitude Loading
(RVAL). The observation was conducted on the seismic performances of bracings,
i.e., strength, stiffness, and dissipated energy. Eventually, the effectiveness of
involving double-channel bracings was investigated.

RESEARCH METHODOLOGY
BRracING MODELS

The object studied is the bracing element modelled in Abaqus v6.14. The
materials used as the bracing element model in this study are the IWF100.100.6.8
profile and the 2C.100.50.5.7.5 double-channel with a coupling plate (6 mm thick)
as the connector. In this study, the Single IWF and Double-channel specimens
will be subjected to Loading Histories 1 and 2, and their performance will then
be compared to determine which configuration exhibits better performance.

IWF 100.100.6.8 ACHORRSTS
s
Coupling Plate
(a) Single IWF bracing (b) Double-channel bracing

Figure 1. Bracing models (unit: mm)
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The Single IWF and Double-channel bracing specimens share identical
geometric properties in terms of length, height, and cross-sectional area. The
profile length is 4000 mm, the section height is 100 mm, and the cross-sectional
area is 100 mm?. For the Double-channel configuration, the spacing between the
two profiles is 10 mm. The cross-sectional configurations of the bracing models
are presented in Figure 1 and summarized in Table 1.

Table 1. Bracing models characteristics

No Bracing notation Sectional area Loading history
1 BU11 Single IWF RVAL 1
2 BU12 Single IWF RVAL 1
3 BU21 Double-channels RVAL 2
4 BU22 Double-channels RVAL 2

Data TyrES AND SOURCES

The primary data used in this study are loading history data and hysteretic
curves. The random variable amplitude loading history (RVAL) is arranged
randomly to represent the actual earthquake loading conditions by the principle
of cyclic loading history in structural engineering. Earthquake loads are generally
irregular and consist of dynamically changing tensile-compressive cycles [13]. In
the separate research work, the previous study [13] used the Two-Step Variable
Amplitude (TSVA) approach, where tensile and compressive displacements have
the same value. However, in this study, the magnitude of tensile and compressive
displacements is different because it adjusts the characteristics of the RVAL,
which describes the variation of earthquake loads more randomly and complexly.
Two RVALs are applied in this study, as illustrated in Figures 2 and 3.

The hysteretic curve is obtained from a loading simulation with the utilization
of Abaqus v16.4 software. The bracing test specimen is modeled in Abaqus v6.14,
and then the RVAL loading simulation is performed on the test specimen model.
A hysteretic curve will be generated from the RVAL loading simulation on this
test specimen, describing the relationship between load and displacement, to
compare the bracing strength.

20

ot
=

Displacement (8y)
[—]

0 10 20 30 40 50
Number of cycles

Figure 2. RVAL 1 (-10 6y = 6 < 10 6y)
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Figure 3. RVAL 2 (-20 6y < 6 < 20 6y)

The secondary data used in this study are data on the mechanical properties of
steel and yield transfer. The mechanical properties of steel are the characteristics
of steel related to the response of steel to the force or load given, namely the
yield and ultimate stress and its strain. This study used the stress and strain
obtained based on tests conducted in previous studies [13].

Yield displacement is the deformation that occurs in steel material when
the stress reaches the yield point, which is the point where the capacity curve
changes from a linear condition to a parabolic condition. Yield displacement can
be obtained by tensile testing to produce a tensile capacity curve of the load-
displacement relationship. In this study, a yield displacement of 4.3 mm was
used. The yield displacement will later be multiplied by the amplitude coefficient
in RVAL because the cyclic load simulation is based on large displacements such
as those found in earthquake loads.

MopELLING AND LoADING PROCESS

In the initial stage, the bracing is modeled with a 3D hexahedral element
with eight nodes. Each node has six DOFs consisting of 3 DOFs in the translation
direction (u, v, w) and 3 DOFs in the rotation direction (¢x, @y, z). On the bottom
side of the bracing, a clamp is provided so that there is no deformation in the
bracing in the translation direction, and the top side is provided with a roller
placement where displacement in the direction parallel to the bracing is allowed
to be given.

On the top side of the bracing, a Reference Point (RP) element is added
as a reference point for applying tensile loads. RP is placed at the center of
gravity position of the cross-section to ensure that the cyclic load given will work
concentrically. To bind the top side of the bracing cross-section to the RP, a rigid
body constraint (RC) is used as a feature available in Abaqus v6.14, as shown in
Figure 4.

Cyclic loading is done on RP, and due to the presence of RC on the upper
side, the brace will experience tensile and compressive forces. The provision
of tensile deformation provides tensile force on the model until it reaches the
deformation point on RVAL, which is continued with compressive deformation,
which provides compressive force until it reaches the planned deformation on
RVAL. The provision of displacement control values that follow RVAL will produce
a hysteretic curve in the load-displacement relationship.
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: Nodes constrained
: Reference point (RP)

Figure 4. RP bonding with the bracing models

The characteristics of CBF bracings are provided in Figures 5 and 6. In
Figure 5(a), the Single IWF bracing model is presented in transverse view,
and in Figure 5(b), the transverse view of the double-channel bracing model
is depicted. In Figure 6(a), the model of the single IWF bracing is provided in
longitudinal view, and the model of the double-channel bracing in longitudinal
view is illustrated in Figure 6(b).

(a) Single IWF bracing (b) Double-channel bracing

Figure 5. Transverse views of bracing models

” (ha) Single IWF bracing (b) Double-channel bracing

Figure 6. Longitudinal views of bracing models
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REsurrs AND DISCUSSION

Initial analysis of the bracing performance was carried out by obtaining a
hysteretic curve through cyclic loading simulation based on the RVAL loading
pattern. The simulation results are in the form of a hysteretic curve that
shows the relationship between load and displacement. Hysteretic curves are
generated from the simulation of the two bracing models in Figure 7. Figures 7(a)
and 7(b) show that the double-channel bracing shows a better hysteretic curve
by showing a larger and more stable hysteretic loop. This is because the double-
channel has greater inertia, and the distance and coupling plate connecting the
double-channel also have a significant influence, so that it can withstand tensile
and compressive loads better than the Single IWF bracing.

—BU2
—BU22

Displacement (mm)

(@)RVAL 1 (b) RVAL 2

Figure 7. Hysteretic curves of the single IWF and double-channel bracing

Tensile and compressive strengths are obtained from the maximum force at
each peak of the hysteretic curve. In one cycle, the hysteretic curve contains
maximum tensile and compressive forces. The maximum tensile and compressive
forces are the tensile and compressive strengths of the braces. Based on the
hysteretic curve obtained, the graph in the following Figure shows the tensile
and compressive strengths.

The graph of the relationship between strength and displacement is shown in
Figures 8 and 9. The figures show that it has the same pattern but with different
values. Under the RVAL 1, Figure 8(a) presents the tensile strength of BU 11 and
BU 12 are 619429 N and 694092 N. In Figure 8(b), the compressive strength
values are 620654 N and 696859 N. When they are compared to the IWF profile,
the strength of the double-channel profile is higher by 12.5 %

#=BUIl
——BUI2 —=-BUIl

—s—BUI12

o 10 20 30 40 50 0 10 20 30 40 50

Displacement (mm) Displacement (mm)

(a) Tensile strength (b) Compressive strength

Figure 8. Tensile and compressive strengths of both bracing models with RVAL 1
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Under the RVAL 2, as shown in Figure 9(a), the tensile strengths of BU 21
and BU 22 are 681699 N and 761402 N. In Figure 9(b), the compressive strength
values are 681699 N and 761402 N. When they are confirmed to the IWF profile,
the strength of the channel profile has increased on average by 11.67%.
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Displacement (mm) Displacement (mm)

(a) Tensile strength (b) Compressive strength

Figure 9. Tensile and compressive strengths of both bracing models with RVAL 2

After obtaining the strength value, the stiffness parameter can be calculated
by dividing the load value by the displacement. In this case, the load in question
is the maximum load (strength), while the displacement used is the displacement
when the peak load occurs. Based on data from the hysteretic curve, the stiffness
values for the tensile and compressive directions are obtained, as shown below.

The relationships between stiffness and displacement on bracing models are
shown in Figures 10 and 11. There are similar patterns but with different values.
In Figure 10(a), the maximum tensile stiffnesses of bracing models BU 11 and
BU 12 with RVAL 1 are 143132.79 N/mm and 160703.49 N/mm. Meanwhile, in
Figure 10(b), the maximum compressive stiffness is 144030.93 N/mm (BU 11)
and 161717.67 N/mm (BU 12), respectively.
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Figure 10. Tensile and compressive stiffness of both test specimens with RVAL 1

From the graph, it can be seen that the channel profile has a greater stiffness
than the IWF profile stiffness. On average, the stiffness of BU 12 is about 12.08%
greater than BU 11. In addition, the graph shows that stiffness decreases with
increasing displacement. For example, in BU 11, the stiffness was recorded at
18811.96 N/mm when the displacement was 30.1 mm and decreased to 13839.56
N/mm when the displacement reached 34.4 mm. This decrease was due to
repeated loading. The maximum tensile stiffness in Figure 11(a) of BU 21 and
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Figure 11. Tensile and compressive stiffness of both test specimens with RVAL 2

BU 22 test specimens with RVAL 2 was 158533.95 N/mm and 177069.77 N/mm.
Meanwhile, in Figure 11(b), the maximum compressive stiffness was 79266.98
N/mm (BU 21) and 88534.88 N/mm (BU 22), respectively. From the graph, it can
be seen that the channel profile is stiffer than the IWF profile. On average, the
stiffness of BU 22 is about 11.67% greater than that of BU 21.

Dissipated energy is the ability of a structure to absorb and release energy.
Dissipated energy is calculated for each half cycle because, in one cycle, there
is a displacement in the tensile and compressive directions whose values are
not always the same. The area of the hysteretic curve in each half cycle is used
as the basis for calculating dissipated energy.
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Figure 12. Dissipated energy

Figure 12(a) shows a comparison graph of the dissipated energy of RVAL
1, and Figure 12(b) shows a comparison of the dissipated energy of RVAL 2.
From both graphs, it can be seen that the channel profile has a better dissipated
energy value compared to the IWF profile. The maximum value of dissipated
energy of each bracing model is 43825.42 Nmm for BU 11, 49173.48 Nmm for
BU 12, 103705.21 Nmm for BU 21, and 114624.60 Nmm for BU 22. Compared
to the IWF profile, the dissipated energy of the channel profile increases by an
average percentage of 2.35% in RVAL 1 and 5.26% in RVAL 2.

CONCLUSION

Several conclusions can be drawn from the evaluation results of the Single
IWF and Double-channel CBF bracing models tested under the RVALs. The
study showed that the Double-channel bracing section performs better than
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the Single IWF profile in terms of strength, stiffness, and dissipated energy.
Furthermore, related to the amplitude alteration in RVAL, it was found that when
the displacement amplitudes were decreased, the strength decreased with a
polynomial trend, the stiffness increased with a power trend, and the dissipated
energy decreased with a polynomial trend. On the contrary, as the displacement
amplitude increased, the strength increased in a polynomial trend, and the
stiffness decreased in a power manner. Eventually, it was recommended to
implement the Double-channel bracing in CBF to enhance the seismic capabilities
of the buildings, particularly when they are located in seismic hazard areas.
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