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Abstract. Structural stability and strength are essential to ensure adequate seismic performance particularly
for Eccentrically Braced Frames (EBF) by providing high elastic stiffness, ductility, and energy dissipation.
This study analyses the optimal configuration of EBF system for industrial buildings using nonlinear static
pushover analysis. Four structural models were analyzed: one unbraced as a baseline and three EBF
configurations with varying bracing placements, considering both service and earthquake load conditions.
Fragility curves were then derived from capacity curve, incorporating key parameters such as yield and
ultimate roof displacement. The findings indicate differences in seismic performance among the models.
Model-A shows early onset of damage and collapse, reflecting limited ductility. Model B performs better
but less reliable at higher damage states. Model C and D demonstrate adequate resilience, with delayed
damage progression and higher ultimate displacement capacity. It was concluded that the most optimum
eccentric bracing configuration is model B (model with bracing installed on all exterior sides of the structure)
because it is suitable for service-level performance, while model D (model with bracing installed on center
of exterior of the structure) provides the greatest safety against collapse, making it the most reliable for

building in high seismic regions.

1 Introduction

A well-designed structure must exhibit stability, strength,
and constructability. Structural stability refers to the
ability of a building to resist damage and maintain
functionality under service conditions. Meanwhile, a
structure must ensure to remain standing and not
experience a hazard when subjected to its ultimate limit
state. Serviceability and ultimate limit state are influenced
by various factors, one of which is natural hazards [1, 2].
This is a crucial issue to consider when planning buildings
in Indonesia, which is located along the Pacific Ring of
Fire, where seismic activity is frequent and severe.
Consequently, the design and selection of an appropriate
lateral load-resisting system become vital to enhancing
structural stability and strength, ensuring that buildings
remain safe and serviceable throughout their lifespan [3,
4].

The Eccentrically Braced Frame (EBF) structural
system represents an advanced development in steel-
seismic-resisting systems, combining the advantages of
the Moment-Resisting Frame (MRF) and the
Concentrically Braced Frame (CBF) while mitigating the
limitations inherent in both systems. The MRF system is
characterized by its excellent ductility but often lacks
sufficient stiffness, leading to excessive lateral drift under
seismic loading[5, 6]. In contrast, the CBF system
provides high lateral stiffness and strength but exhibits
limited ductility and energy dissipation capacity du to the
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concentration of axial forces in the braces, which can
result in brittle failure modes during strong earthquakes.

However. The EBF system effectively bridges these
two approaches by providing both high elastic stiffness
and significant ductility. In an EBF, a short beam segment
known as the link beams is installed between the ends of
the braces and the main beam. This link beam is designed
to deform inelastically during seismic excitation, while
the surrounding structural components. The controlled
yielding of the link beam serves as primary mechanism
for energy dissipation, thereby protecting the overall
structural integrity [7, 8]. Numerous experimental and
analytical studies have confirmed that EBF system exhibit
superior performance under cyclic and dynamic loading
compared to conventional braced or moment-resisting
frames [7, 9, 10]. The high energy dissipation capacity
and stable hysteretic behavior of the EBF make it one of
the most reliable and cost-effective solutions for
earthquake-resistant steel buildings.

Although the EBF system has been proven to provide
adequate seismic performance through its essential
strength and ductility, its effectiveness is highly
dependent on the configuration and placement of the
bracing within the structure [11]. The geometry and
distribution of the braces along the plan and elevation of
buildings influence the stiffness distribution, plastic hinge
formation, and probability to experience certain damage.
Furthermore, the seismic performance of each EBF
configuration probably diverse depending on its intended
design objective. As a result, each configuration serves a
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distinct structural purpose highlighting the importance of
selecting an appropriate configuration that aligns with the
desired performance level and seismic design criteria
[12].

This study aims to evaluate the seismic performance
of various configurations of EBF applied to industrial

2 Methodology

link beam) were assigned to model in Table 1 and
previously checked to adequate the design criteria through
auto-select features in ETABS v18.

Table 1. Structural cross-sectional profiles.
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Fig. 1. Building layout: (a) first floor, (b) second, third, and fourth floors, (c) fifth floor, (d) roof floor.
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Four structural models were developed in ETABS to
assess the influence of bracing configurations on seismic
behavior of structure, as illustrated in Fig.2. They were
also considered to perform different structural response
that account for the torsional, stiffness and shear
distribution. Model A (Fig. 2a) represents a Moment
Resisting Frame (MRF) for the baseline to measure the
effect of bracing installation. Model B, C, and D were
analyzed as EBF with the bracings were positioned in
different configuration. In Model B (Fig. 2b), the bracing
was installed continuously along the exterior perimeter
bays on all four sides of the building. Model C (Fig. 2¢)
concentrated the bracing at the building corners whereas
Model D (Fig. 2d) positioned the bracing at the midpoints
of each exterior bay.

oA mEmm A

Fig. 2. The 3D observed models

2.2 Pushover analysis and fragility curve

After confirming that the structures satisfied the strength
and serviceability criteria, non-linear pushover analysis
was conducted to evaluate their seismic performance.
This analysis produces a capacity curve, illustrating the
relationship between the base shear and roof
displacement. From this curve, essential performance
parameters were obtained such as yield displacement (Ay),
ultimate displacement (A,), spectral displacement (Sq).
These parameters were then used to determine the
structure’s performance levels in accordance with seismic
performance FEMA 356 namely Immediate Occupancy
(I0), Life Safety (LS), Damage Control (DC), Collapse
Prevention (CP).

Subsequently, the seismic performance was further
evaluated through the development of fragility curves
utilizing the previously derived key parameters [13]. This
methodology integrates pushover analysis results with
probabilistic seismic demand to estimate the probability
of exceeding different structural damage states
categorized as slight, moderate, extensive, and complete.
Furthermore, the spectral displacement (Sq) was derived
from maximum roof displacement (Aror), the modal
participation factor (I'). and first modal displacement at
roof (), as expressed in Eq 1.

_ ooy
Sa =Ty M

The fragility function in Eq.2 is developed by defining
the intensity measure and modelling it using a lognormal
cumulative distribution, where DS denotes the damage
state, A represents median displacement and B is standard
deviation obtained from HAZUS value.

In(Sq)—1In (1)
7) (@)

PIDSIS) = ¢ (24

The findings derived this methodology form the
comprehensive discussion and assessment nonlinear
behaviour, ductility, and overall resilience of the structure
under varying levels of spectral displacement.

3 Result and discussion

3.1 Interstory drift

Figure 3 illustrates that Model A exhibits the largest inter-
story drift, reaching 23.087 mm, whereas Model B
demonstrates the smallest. Overall, the inter-story drift
values for all models remain with the permissible limits,
remaining below the maximum allowable drift by SNI
1726:2019.
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Fig. 3. Inter-story drift at x and y direction

The addition of eccentric bracing in Model B, C, and
D significantly reduced the lateral displacement compared
to moment frame Model A. Model B achieves the highest
reduction of approximately 87%, attributed to the
continuous placement of eccentric bracing along the
building perimeter, which increase global lateral stiffness
and distributes seismic forces more uniformly. Model C
recorded an 83% reduction, benefiting from corner
bracing that provides localized stiffness but less effective
force distribution. Meanwhile, Model D obtained a 79%
reduction due to its mid-span bracing arrangement, which
improves stiffness at central bays but results in less lateral
restraint at the corners. These results indicate that the
configuration and distribution of eccentric bracing
strongly influence the overall seismic performance.

3.2 Pushover analysis and structural
performance

After the verification was completed, all models were
analyzed using pushover analysis. The results from the
ETABS analysis is capacity curves that show the
relationship between displacement and base shear. For
more clarity, the strength, stiffness, and ductility of each
model with model A as the benchmark are shown in
Tables 2 and 3.

The structural strength is determined by the magnitude
of the base shear at the ultimate limit state that the
structure can withstand before failure occurs. From Tables
2 and 3, it can be seen that the model with the highest
strength is model B when viewed from both the X and Y

directions. This can be observed from the strength
percentage of model B compared to model A, which is
114% in the X direction and 143% in the Y direction.

Table 2. Strength, stiffness, and ductility at x direction

Model  Strength (kN) S("kg;';s)s Ductility
A 154966,541 464,013 2,007
B 176777,729 2369,627 2,827
C 170825,200 1502,566 2,116

D 151412,116 691,618 2,466

Table 3. Strength, stiffness, and ductility at y direction

Stiffness
(KN/m)
A 128748,421 269,804 1,249
B 183864,014 2603,670 1,424
C 139627,918 1391,624 1,941
D 120966,567 859,968 3,099

Model Strength (kN) Ductility

Structural stiffness is calculated by dividing the base
shear at the first yield point by the displacement at the first
yield point. Visually, using the curve, stiffness can be
assessed by the steepness of the structure's capacity curve
or the initial angle of the curve relative to the x-axis.
Based on Fig. 4 and Fig. 5, the curve for model B has a
greater slope than the other models. The stiffness
percentage of model B compared to model A reaches
965%, while model D has the lowest stiffness compared
to model A, at 318%. It can be concluded that the use of
bracing increases the stiffness of the building structure.
The stiffer the structure, the smaller the displacement,
thereby enhancing comfort during an earthquake.
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Fig. 4. The capacity curve and performance point at x-direction
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Fig. 5. The capacity curve and performance point at y-direction
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Structural ductility is obtained from the ratio of
displacement at the ultimate limit state to the
displacement at the first yield point. For the X direction,
the braced structure with the highest ductility is model B,
with 141% of model A, while in the Y direction, it is
model D with 248% of model A. However, overall, all
models show an increase in ductility compared to model
A. A ductile structure can undergo significant
deformation before reaching the failure limit or collapse.

Therefore, it can be concluded that the use of eccentric
bracing in buildings with a steel frame structural system
has a significant impact on the strength, stiffness, and
ductility of the structure, which is proportional to the
amount of eccentric bracing used in the building.

The target displacement value and base shear at the
target displacement are needed to determine the
performance level of the structure. The FEMA 356
displacement target curve is used to determine the
displacement targets for assessing the structural
performance level. The structural performance level is
determined in both the X and Y directions.

Table 4. Performance level

Drift Percentage (%) Performance Level

Model

X Y X Y

A 1,218 1,718 LS CpP

Table 5. Spectral displacement at yield and ultimate

Aroof (yield Aroof (ult Sd (yield Sa it

Model (mi:yn) ) (mn(l)) (n?m)) (m(m))
A 61,6 85,2 49,28 68,18
B 352 70 782 155,5
C 28 43,2 80 123,43
D 40,1 75,8 86,8 162,7

The fragility curves shown in Fig. 6 and Fig. 7
illustrated the probability of exceeding damage states
(slight, moderate, extensive, and complete) as a function
of spectral displacement. These curves were derived from
pushover analysis results, incorporating parameters in
Table 6. Each curve represents a different EBF
configuration, enabling a comparative assessment of their
seismic performance.

In slight damage, Model A (MRF) showed the earliest
onset of slight damage, with spectral displacement around
30-37 mm, while Model B, C, and D follow sequentially
at higher displacements 50-60 mm. This indicates that
Model A is the most flexible reaching the initial yielding
earlier, while Model C and D exhibit greater stiffness and
delay slight damage event. In moderate damage, a similar
trend is observed. Model C and D experience delayed
moderate damage at 80-90 mm. The gap of the curves
demonstrated that configuration B, C, and D are stiffer
and can resist greater deformation before experiencing
inelastic states.

B 0,434 0,395 10 10

C 0,618 0,678 LS LS

D 1,074 0,921 LS LS

Table 4 provides information about models B, C, and
D are at higher performance levels compared to model A,
which is at the Collapse Prevention (CP) level. Model B
is at the Immediate Occupancy (IO) level, while models
C and D are at the Life Safety level. At the 10 level, the
building experiences structural damage that is not
significant. Non-structural components remain functional
and in place. The building can still be used without
disruption from repair issues. The risk of casualties at this
performance level is very low. At the Life Safety level,
the building sustains structural damage that is not
excessively severe. Non-structural components may be
damaged and no longer functional, but the building still
retains adequate collapse prevention capability.
Therefore, it can be concluded that the configuration of
eccentric bracing in the exterior frame of a steel-framed
building affects the structural performance level.

3.3 Probability of exceeding damage

Table 5 presents the comparison of roof displacement and
spectral displacement values at both yield and ultimate
point for all structural models. The parameters were
obtained from the pushover analysis by considering first
mode participation factor and associated HAZUS values
for MRF and EBF.
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Fig. 6. The fragility curve of slight and moderate damage
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However, in extensive and complete damage, a
significant change was observed between Model B and C.
Model B reached the extensive and complete damage
respectively at spectral displacement of 95 mm and 120
mm, while Model C experienced it at 105 mm and 150
mm. Although Model D experienced those states at 110
mm and 170 mm, this finding indicates that Model B,
despite demonstrating superior stiffness and smaller drift
at lower performance levels, exhibits lower ductility
capacity compared to Model C and Model D. The larger
displacement capacity of Model C and D reflects its
ability to undergo greater inelastic deformation before
failure, suggesting a more gradual energy dissipation
mechanism and enhanced structural resilience under
severe seismic excitation.

4 Conclusion

Based on the analysis of all models in terms of inter-story
drift, strength, stiffness, ductility, and structural
performance level, it can be concluded that Model B
represents the most optimal configuration of eccentric
bracing steel frame. Model B maintain inter-story drift
within the allowable limits, exhibits the highest strength
and stiffness, although it demonstrates the adequate
ductility by achieving Immediate Occupancy (IO)
performance level, however, at extensive and complete
damage states, Model B could not exhibit higher ductility

compared to Model C and D that make serviceability
demand is considered for Model B.

In terms of Life Safety (LS) performance, Model D
serves the higher ductility compared to Model C, although
Model C performs good stiffness and strength, for the
collapse prevention under strong earthquake, Model D
could be effective option due to better deformation under
ultimate conditions by performing optimum energy
dissipation.

This research is funded by ‘Lembaga Penelitian dan
Pengabdian Masyarakat (LPPM) Universitas Andalas’ through
‘Penelitian Skripsi Sarjana’ with contract number
240/UN16.19/PT.01.03/PSS/2024.
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