EVERGREEN - Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 13, Issue 03, pp. 1159-1172, September, 2026

The Seismic Performance of Vertical Link in Reinforced
Concrete Eccentric Braced Frame (EBF) with GGBEFS as
Partial Cement Replacement

I Gde Eka Wiranatha'*, Ming Narto Wijaya', Lilya Susanti!

'Department of Civil Engineering, Faculty of Engineering, Brawijaya University, Malang, 65145,
Indonesia

*Author to whom correspondence should be addressed:
E-mail: ekawiranathal @student.ub.ac.id

(Received September 26, 2025; Revised March 10, 2026; Accepted July 29, 2026)

Abstract: Vertical link Eccentrically Braced Frames (EBF) effectively absorb earthquake energy
with high ductility through shear-bending mechanisms. Using reinforced concrete as a
homogeneous material for bracing offers excellent elastic-inelastic behavior and stable seismic
performance, preventing premature collapse. To enhance structural behavior, this study
investigates using Ground Granulated Blast Furnace Slag (GGBFS) as a partial substitute for OPC.
GGBFS improves concrete by reducing porosity and providing an environmentally friendly
material. Cyclic load tests on CBF and EBF specimens with modified shear reinforcement of
vertical link show that EBF-V-15 combines high load capacity with ductility, with GGBFS
improving seismic performance and crack patterns.
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1. Introduction

Mid- to high-rise structures should generally be able to
resist lateral loads. These loads include wind and blast
loads; the most dangerous ones are earthquakes. In
particular, earthquakes as dynamic loads have a significant
effect in the form of lateral deformation that causes
structural instability?. For this reason, structural
retrofitting is very important, especially in areas with high
seismic zones. One of the often-used reinforcements in
frames is bracing due to its capacity, lateral stiffness,
ductility, and good energy absorption against earthquake
loads?.

V-type bracing as a concentrically braced frame (CBF) is
the best choice because it has good lateral behavior and
high stiffness. This type features diagonal bracing that
crosses the joints to provide high restraint and significantly
increase the lateral capacity of the frame®. In addition, V-
type bracing can achieve optimum loads under various
loading conditions?. However, concentric bracing that is
too rigid will limit frame deformation, resulting in low
ductility values. For this reason, eccentrically braced
frames (EBFs) are a popular choice in structural
engineering due to their superior performance®. EBF has
an element called a link beam that focuses on increasing
ductility and has horizontal and vertical positions. The link

beams transform and dissipate the lateral earthquake force
into a shear-yielding mechanism®. As the eccentricity of
the element increases, the damage is increasingly
concentrated in the truss until the yielding becomes a
shear-bend combination. Specifically, the yielding of the
horizontal beam occurs at the center of the beam where the
ends of the two diagonal braces rest. On the other hand, the
beam is an element that should be in an elastic state as
much as possible during the loading process. Therefore,
the alternative of using vertical members in the eccentric
bracing system is a substitute for the horizontal member
system. This system improves lateral behavior by reducing
stiffness and significantly increasing ductility”. Lateral
loads are distributed as tensile and compressive axial loads
on the diagonal bracing until the vertical link beam absorbs
them through a shear-yielding mechanism®. The longer
link beam elements with the Y-EBF system also increase
seismic energy absorption?. More importantly, the vertical
link beam has another advantage: the nonlinear
deformation concentrates on this element, and the other
elements remain elastic'”. In addition, the vertical
positioning without disturbing the beam facilitates its
replacement after an earthquake'V. On the other hand,
bracing generally uses steel as the main material, which
has the advantage of withstanding high tensile loads but
has drawbacks in some scenarios.
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There is a concern about premature failure due to the
failure of the connection between the concrete frame and
the steel bracing in the form of buckling failure!?. On the
other hand, steel also requires additional rust protection,
one of which is zinc. This will affect the additional
construction costs!®. Therefore, concrete has the
advantages of high-temperature resistance, high stiffness,
affordable  construction cost, and easy shape
customization!®. For this reason, a number of studies have
been carried out on the topic of the reinforcement of
bracing in frames made of homogeneous concrete
materials. Initially, research was conducted on concentric
and extraneous one-way bracing. Lateral load tests showed
that concrete as a bracing component could produce stable
load-displacement curves. In addition, the concrete was
able to keep the frame in an elastic state for as long as
possible, with the damage pattern concentrated in the
diagonal bracing. Then, the link beam in the eccentric
bracing plays a role in maintaining the load with high
ductility'®. Other research suggests that horizontal link
beams in V-type (EBF-V) produce better capacity with
higher strain'®. In addition, the link beam can improve the
collapse behavior to be ductile and maintain stiffness, also
capacity. Longer reinforced concrete link beams will
provide higher deformation capacity with excellent
ductility that keeps the frame structure elastic!”. On the
other hand, functionality is also required in the frame
structure. Vertical Shear Link on EBF (EBF-Y) is
proposed for buildings that require openings and windows
but still need a rigid structure. Susanti found that the use of
eccentrically vertical brace frame (EBF-Y) has an impact
on stiffness, ductility, and different energy absorption
scenarios. The vertical shear link is able to localize and
minimize damage around the main column and beam
structure. This is indicated by cracks that are concentrated
in link beam’s area. Both specimens with 15 and 25 cm
link beams have advantages in earthquake load absorption,
but these specimens are not better than CBF, with smaller
cyclic loads capacity and with the same deformation'®.
However, a less rigid link beam will limit the frame's
capacity. Therefore, reinforcement is required in this area
to improve the lateral capacity of the frame system.

Bracing improvements can be made by increasing the
capacity of the link beam. In reinforced concrete, this can
be achieved by adjusting the length of the link beam or the
transverse reinforcement. Tightly spaced transverse
reinforcement will increase the lateral capacity but with
brittle behavior. Conversely, sparse reinforcement will
cause the frame to have a large deformation capacity with
high ductility'”. In summary, it is imperative to recalibrate
the transverse reinforcement spacing within the frame,
especially in the link beams, to achieve better lateral
capacity. However, with the development of the industry,
good lateral capacity is not the only consideration. Using
sustainable, environmentally friendly materials is also

used to reduce the environmental impact over time.

The industrialized world is turning to environmentally
friendly binder materials to replace cement. The cement
industry contributes over 5% of global carbon dioxide
emissions?”. Moreover, cement production produces 1 ton
of CO2 with the same amount of material. In light of the
growing international demand for significant climate
change mitigation, it is crucial to minimize the use of
Portland cement, a major source of carbon dioxide
emissions, as much as possible?). Consequently, it is
imperative to utilize alternative materials that exhibit
properties analogous to those of the constituent materials.
These alternative materials should have mechanical
properties that demonstrate a high correlation value??.
Therefore, GGBFS is one of the most-friendly materials
for dealing with this problem. GGBFS as a waste material
from iron processing will have a selling value and be used
productively??. At the same time, GGBFS has the same
properties and chemical composition as cement so that has
been demonstrated to function as a substitute for Ordinary
Portland Cement (OPC) products®?. Specifically, GGBFS
at 20% of the mix provided improved mechanical
properties after 28 days. This was demonstrated by the
application to mortar mixes, with improved mechanical
properties at 28 days and after 28 days with 20% GGBFS
as a replacement for OPC?>. This composition also plays a
positive role in concrete mixes where 20% GGBES as a
replacement for OPC can improve mechanical properties
after 28 days, including compressive strength, tensile
strength, and flexural strength?®. The enhanced
mechanical properties of the concrete are demonstrably
associated with the quantity of voids present within the
structure. GGBFS with smaller and finer particles can fill
the voids in the concrete mix to minimize the pore number
where there is an increase in mechanical properties up to
the advanced age after 28 days®”. This is due to the
pozzolanic reaction of GGBFS, which successfully
increases the pore-filling ability of the concrete?,
resulting in increased water resistance?®. Then, nano silica
that giving mechanical properties improvement and
stability of concrete®”. However, as a result, it takes longer
to achieve optimum mechanical strength than when using
OPC. On the other hand, despite these disadvantages,
another advantage of using GGBFS is that it has lower
production and construction costs. Furthermore, the
utilization of GGBEFS as a substitute for cement enhances
its cost-efficiency?*3!. The pore number is also closely
related to the cracking pattern of the structure. GGBFS, as
a replacement for OPC, can improve the collapse behavior
from brittle to ductile. This is characterized by a more
uniform and smooth crack pattern, indicating that the
structure undergoes flexible collapse®?. However, the
superior properties of GGBFS need to be applied to
seismic building structures, especially reinforced concrete
bracelets.

Cite: 1. Wiranatha, M. Wijaya, L. Susanti, "The Seismic Performance of Vertical Link in Reinforced Concrete Eccentric Braced
Frame (EBF) with GGBEFS as Partial Cement Replacement". Evergreen, 13 (03) 1159-1172 (2026). https://doi.org/10.5109/7441043.

- 1160 -



The Seismic Performance of Vertical Link in Reinforced Concrete Eccentric Braced Frame (EBF) with GGBFS as Partial Cement Replacement

This research focuses on the role of GGBFS as cement
replacement on the seismic behavior of reinforced concrete
eccentrically vertical braced frames (EBF-Y). Specifically,
mechanical aspects with hysteresis loops are studied. A
comparison was also made with EBF-Y, which only uses
Ordinary Portland Cement (OPC). In addition, visual
aspects such as crack pattern, crack distribution, and
collapse mechanism were also observed. The specimens
were then compared through mechanical and visual crack
parameters to determine how GGBFS and vertical link
beam transverse reinforcement spacing variations behave
in the frame structure. Through this research, it is expected
that the use of concrete with the concept of sustainable
energy using GGBFS can be carried out while still paying
attention to the mechanical aspects and overall behavior of
the structure.

2. Materials and Method

A homogeneous reinforced concrete section was used in
each element with a plan quality of K-300 or
approximately 24.9 Mpa and GGBFS at 20% instead of
OPC. In detail, the mixture proportions used to achieve this

110

quality are 0.8 : 0.2 : 2.32 : 3,49 for cement : GGBEFS : fine
aggregate : coarse aggregate, respectively. The frame
comprises beams, columns, and bracing elements with a
100 x 100 mm cross-section. Specifically, the bracing
consists of EBF with 15 cm and 25 cm of vertical beam
lengths, also CBF as a control specimen as shown in Figure
1. Each of the bracing specimens consisted of 2 units.
Specifically, all frames used uniform dimensions of
100x100mm. The purpose is to determine the influence of
the link beam element on the overall structure. On the other
hand, if the dimensions used are different or larger,
damage will be localized to the smaller parts*®. In addition,
two types of reinforcement were used, 6 mm and 4 mm in
diameter, as bending and shear reinforcement, respectively.
However, the transverse reinforcement spacing variation is
different in the EBF specimens. 150 mm spacing is used in
the frame members and diagonal bracing, but specifically,
75 mm is used only in the link beam as shown in Figure 2.
This is in line with Susanti's research findings, which
indicate that structural reinforcement is needed on the link
beam. Combined with Wijaya's research findings, it is
recommended that closer spacing of shear reinforcement
be used to obtain greater lateral capacity'®!®).
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Fig. 1: Specimens: (a) CBF, (b) EBF-V-15, (c) EBF-V-25
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Fig. 2: Cross-sections: (a) frame and diagonal bracing, (b) vertical link beam

Table 1: Cyclic loading phase of the frame

Load Push-Pull
Phase (kg) Cycle
g (times)
1 25% Ultimate P = 1313 5
2 50% Ultimate P = 2625 5
3 75% Ultimate P = 3927,5 5
4 100% Ultimate P = 5250 5

This research focuses on the role of GGBFS on the seismic
behavior of reinforced concrete eccentrically braced
frames (EBF) with vertical link beams and tightly spaced
transverse reinforcement (75 mm). Specifically, the
aspects investigated include crack pattern, crack
distribution, and collapse mechanism. Also, ductility,
lateral capacity, and deformation with comparison with
last research.

Moreover, vibrators are also used to minimize voids and
ensure even concrete distribution®®. After, a curing process
is carried out by covering the test object with burlap sacks,
then sprinkling it with water. This method maintains water
stability and moisture to achieve maximum concrete
hydration®>. The tests consisted of compressive strength
tests on cylindrical specimens and cyclic loading at 56
days of concrete age. Cyclic loading works horizontally

centered through the load cell and then given to the upper
joint on both sides.

According to previous research, the loading uses the
concept of load control with a maximum value of 5250
kg'®. This value is divided into 4 phases covering five
cycles, where one cycle is the push and pull load on the
frame. 4 phases are used to determine the behavior of the
frame at progressively higher loads, and 5 repetitive cycles
are used to determine durability at the same load. A stable
cyclic load will accurately describe the behavior of the
specimen. Specifically, low to maximum loads on the
specimen will result in deformation that is easier to
observe®®. Detailed cyclic loading phases and cycles are
shown in Table 1. Note that the load cell is positioned
parallel to the LVDT, which is useful for measuring
horizontal displacement. This is the reason why the
vertical displacement is limited by means of iron and
reinforcement, which is then secured by iron and ratchet
strap, as shown in Figure 3. Finally, two sample results
were obtained, namely the maximum stress of the
cylindrical specimens and the frame, which included the
maximum load, number of cracks, crack pattern, and
collapse mechanism in the initial, yield and ultimate
phases. These data were then analyzed to determine the
role of the vertical link beam and GGBFS on the frame.
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3. Result and Discussion

Compressive strength tests were performed to determine
the actual strength and uniformity of the concrete. Five
specimens of each frame specimen were used at 56 days.
The findings indicated that the mean compressive strength
for CBF was 27.84, while EBF-V-15 and EBF-V-25
specimens registered strengths of 28.23 and 29.06. In other
words, it shows that the specimens of each specimen
achieved the design compressive strength and the values
that were close to each other. This phenomenon can be
attributed to a multitude of factors, including the efficacy
of the casting and curing processes. Furthermore, the study
also mentioned that the wet rug curing method had the
highest strength compared to other methods such as simply
soaking in water. Employing the appropriate method

ensures the attainment of high and uniform compressive
strength values. This phenomenon is evident in the
uniform compressive strength values and the achieved plan
compressive strength3,

3.1. Load — Displacement Curve

Through testing, 6 cyclic frame test results were obtained
that included 2 specimens each of CBF, EBF-V-15, and
EBF-V-25. It was thus determined that the hysteresis
curves were obtained for a range of positive and negative
shear and tensile loads. The results of the hysteresis curve
can then be observed in Figure 4 until Figure 6, where the
dominant structure is only able to reach half a cycle at the
shear load during the peak phase. Each image is selected
as the best representative of the CBF, EBF-V-15, and EBF-
V-25 samples.

Loading Frame

Steel Plate

Roll Support

Load Cell

ConcreteFrame
Ratchet Strap
Control LVDT

Fixed Support

Lateral Displacement
LVDT

Steel Plate

(b)

Fig. 3: Frame loading: (a) settings, (b) mechanism
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By visual observation, CBF has been demonstrated to
exhibit the highest capacity in comparison to other
specimens with a sloping and wide curve with a visible
range of yield and end points, respectively. In addition, this
curve is also very accurate in describing the experimental
test of CBF. Specifically, the high load and concentric
diagonal bracing elements resulted in a less ductile
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collapse with a limited ductility ratio.

A comparative study was also conducted where the lateral
strength of CBF with GGBFS combination tends to
decrease by 3 - 35% compared to OPC specimens.
However, GGBS has the advantage of improving the
mechanical properties after 56 days.
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Fig. 4: Hysteresis curve of V-type concentrically reinforced frame
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Fig. 5: Hysteresis curve of eccentric braced frame (EBF) with 15 cm vertical link
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Fig. 6: Hysteresis curve of eccentric braced frame (EBF) with 25 cm vertical link

Cite: 1. Wiranatha, M. Wijaya, L. Susanti, "The Seismic Performance of Vertical Link in Reinforced Concrete Eccentric Braced
Frame (EBF) with GGBEFS as Partial Cement Replacement". Evergreen, 13 (03) 1159-1172 (2026). https://doi.org/10.5109/7441043.

- 1164 -



The Seismic Performance of Vertical Link in Reinforced Concrete Eccentric Braced Frame (EBF) with GGBFS as Partial Cement Replacement

In addition, it is evident that GGBFS has a substantial
impact on enhancing ductility, as demonstrated by its
displacement value, which exhibits a 29.68% increase in
comparison with OPC. Furthermore, each EBF specimen
experienced a decrease in lateral capacity compared to the
OPC specimens. Successively, EBF with vertical links of
15 and 25 cm obtained smaller values of 7% and 23.9%. In
contrast, the displacement values actually increased by
55.5% and 27% for EBF 15 and 25 cm!7!®),

Visually, specimen EBF-V-25 has a smaller curve area
than EBF-V-15 as shown in Figure 5 and Figure 6. This is
due to the longer link beam, which reduces the load and
displacement capacity. The present result differs
somewhat from earlier research findings on ductility,
which demonstrated an increase in ductility with an
increase in the length of the vertical link?”. This can be
explained by the dense reinforcement (75 mm) in the link
beam. It gives a higher restraining effect to the longer link
beam (EBF-V-25), thus limiting the frame deformation,
which is directly related to the limited ductility. But overall,
the vertical link beam plays a very good role in providing
a stable post ultimate behavior characterized by a sloping
curve. This highlights the important role of the vertical link
beam in ensuring the stability of the structure by
connecting the frames in the EBF>¥).

3.2. Ductility of Frames

The yield point of the test is difficult to identify because it
is affected by numerous factors. Therefore, the yield
condition, including load and displacement, can be
estimated using the secant stiffness method®. The yield
displacement is determined based on the yield load, which
is taken as 75% of the ultimate load, as illustrated in Figure
8.

Higher eccentricity in the vertical link beam can enhance
ductility by directing horizontal lateral loads toward a
shear-dominated failure mechanism'®. This is reflected in
the average ductility value of 1.515 for the EBF-V-15
specimen, which is higher than that of the CBF specimen
with a value of 1.197. However, several findings do not
fully align with this theoretical expectation. The EBF-V-
25 specimen, for example, exhibits a lower average
ductility of 1.421. This condition is attributed to the denser
transverse reinforcement in the link beam (75 mm)
compared with the other frame members (150 mm). The
tighter reinforcement provides greater confinement, which
restricts deformation in the EBF-V-25 specimen.
Consequently, reduced deformation leads to a decrease in
the overall ductility value.

In addition, the presence of GGBFS plays a significant role
in improving frame ductility. A notable increase in
ultimate displacement was observed, where the CBF
specimen containing GGBFS reached an average value of
23.565 mm, which is 57.14% higher than that of the OPC
specimen. This indicates that GGBFS contributes to
enhancing the structural collapse mechanism, making it
more ductile, as shown by the increase in ductility from
1.140 to 1.197'7. These findings suggest that using
GGBFS as a partial replacement for OPC results in a
structure with more ductile collapse behavior®?. Overall,
the results indicate that the EBF-V-15 specimen
demonstrates the most favorable performance, exhibiting
ideal strength along with the highest ductility compared
with the other specimens, particularly CBF. Finally,
ductility can be determined from the ratio between ultimate
displacement (Au) and yield displacement (Ay) during the
maximum phase and loading cycle of the frame, as
presented in Table 2.

Table 2: Ductility of concrete bracing frames

Code Eccentricity Yield Load Ultimate Load Au Ay Ductility Ratio  Average Ductility Ratio
Py) (Pu) (Ay /Ay)
(cm) (Kg) (Kg) (mm) (mm) (Kg/mm) (Kg/mm)

A.l 0 1968.75 2625 2133 21.10 1.011 1197

A2 0 2527.50 3370 25.80 18.65 1.383 ’

B.1 15 1829.25 2439 18.01 13.76 1.309 1515

B.2 15 1792.50 2390 18.68 10.85 1.722

C.1 25 1303.50 1738 8.88 6.67 1.331 1.421

Cc2 25 1497.75 1997 17.12  11.33 1.511

Table 3: Stiffness of concrete bracing frames

Code Eccentricity Ultimate Tensile Push Ultimate Pull Load  Aup Aurt K Average Stiffness
(Pur) (Pur) Push  Pull (ZPu/XAu)
(cm) (Kg) (Kg) (mm) (mm) (Kg/mm) (Kg/mm)
Al 0 2625 2625 21,33 20,14 126,60 137734
A2 0 3370 2625 25,80 14,47 148,87 ’
B.1 15 2439 1313 18,01 4,29 168,25 162.380
B.2 15 2390 1313 18,68 4,98 156,5 ’
C.1 25 1738 800 8,88 20,95 85,08 109,437
C.2 25 1997 1313 17,12 7,62 133,79

Cite: 1. Wiranatha, M. Wijaya, L. Susanti, "The Seismic Performance of Vertical Link in Reinforced Concrete Eccentric Braced
Frame (EBF) with GGBEFS as Partial Cement Replacement". Evergreen, 13 (03) 1159-1172 (2026). https://doi.org/10.5109/7441043.

- 1165 -



EVERGREEN - Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 13, Issue 03, pp. 1159-1172, September, 2026

3.3. Stiffness of Frames

Frame stiffness is another important aspect that needs to be
considered in structural performance. The stiffness of the
frame is strongly influenced by the eccentricity length,
which is represented by the vertical link beam. In general,
increasing the eccentricity results in a decrease in the
overall stiffness of the frame.

Based on the test results, specimen B (EBF-V-15) shows a
higher stiffness value compared to specimen A (CBF).
This increase is attributed to the tighter spacing of
transverse reinforcement (75 mm) in the link beam.
However, this behavior is not observed in the EBF-V-25
specimen. Instead, EBF-V-25 experiences a significant
stiffness reduction of 32.60% compared with EBF-V-15,
as presented in Table 3.

These results indicate that a transverse reinforcement
spacing of 75 mm may have a negative effect on bracing
systems with larger eccentricities'®. When the link beam
becomes longer, the failure mechanism tends to shift from
shear-dominated behavior to flexural behavior. Therefore,
very tight transverse reinforcement spacing in longer link
beams is not recommended because it does not effectively
improve stiffness and may adversely affect structural
performance.

3.4. Initial Condition Cracks

Crack pattern analysis is useful to determine the seismic
behavior indicated by the frame's crack pattern and
collapse pattern. Observations were made on the frames
from initial yield to ultimate conditions, focusing on the
number, location, and classification of cracks. In general,
the crack's direction determines the crack's classification
as either flexural or shear. Cracks will form as the concrete
begins to reach and exceed its ultimate strength and will
spread throughout the cross section uniformly with
different characteristics*?).

The CBF specimens had the highest number of cracks
among the other specimens in the cyclic loading test. The
first crack occurred in phase 1 of cycle one under shear
load conditions in the 800 - 1313 kg range at the diagonal
bracing marked with notations 1 — 3. This confirms that the
first melt occurred at the diagonal strut. This diagonal
structure will provide support and reduce tension on other
elements. Without it, the structure would only be able to
support the cyclic load through the depicted cracks in the
frame and columns*". Another crack appeared at the lower
right joint with notations 5-7.

This crack can actually be seen in Figure 7. These cracks
are classified as flexural because they have a pattern
perpendicular to the member.

EBFs have lower stiffness but nonlinear behavior focused
on the vertical link beam element'”. Link beams also play
a role in improving the ductile behavior with damage
concentrated on this element!®.

©0
=N
o

I

(©)
Fig. 7: Actual crack pattern of frame: (a) CBF, (b) EBF-
V-15, (c) EBF-V-25

The cyclic test results show that the initial crack in the
EBF-V-15 specimen occurred in the first load cycle of
shear, labeled 1-8. Visually, the cracks in the first cycle
were evenly distributed on the right-left side joint and the
link beam, which occurred in the load range of 800-1313
kg. Furthermore, the cracks can be classified as shear
cracks since they are diagonal to the element.

The cyclic test results also show that the EBF-V-25
specimen has a cracking pattern in the first loading phase
and cycle. During the frame loading, cracking occurred in
the 800 - 1313 kg load range. The cracking started at the
lower joint on the right side with notation 1, then continued
on the left side with notations 2 and 3. The cracks at the
right and left side joints occurred because the column
member was subjected to tensile and compressive bending.
The beam also cracked at notations 6 and 9. Moreover, the
cracks at the joints are classified as shear cracks with
diagonal shapes due to the large shear stress in this region.
On the other hand, the vertical beam started to develop
flexural cracks with a pattern perpendicular to the element.
Visually, the initial condition showed that the crack
patterns in these critical sections were evenly distributed
and symmetrical.
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Fig. 8: Secant stiffness curve of CBF

3.5. Yield Condition Cracks

Due to the nonlinear nature of the specimen under load, it
will be difficult to determine the yield criterion. Therefore,
the secant stiffness method is used to simplify the
determination of the yield strength of the frame (Park,
1989). The CBF specimen achieved a load (Py) and
displacement (Ay) of 2527,5 kg and 18.65 mm as shown in
Figure 8. There was a significant increase in cracks, with
43 evenly distributed at the joints, columns, and bracing.
The EBF-V-15 yield condition by secant stiffness analysis
obtained a load (Py) of 1829 kg and a deformation (Ay) of
13.76 mm. According to the theory, the yielding occurred
in the vertical beam indicated by the notation 29-34 and
be-longs to the diagonal shear crack as can be seen in
Figure 9. Therefore, the shear crack means that the vertical
link beam in specimen EBF-V-15 belongs to the short link
classification?.

Through the same analysis, the EBF-V-25 specimen
achieved a yield load (Py) of 1497.75 kg with a
displacement (Ay) of 11.30 mm. There is an increase in the
number of cracks, with a total of 41 cracks in the yield state
where the longer beam plays a very good role in crack
localization, with the largest number of 11 cracks
dominated by shear cracks with a few flexural cracks with
diagonal and perpendicular to the beam, respectively, as
shown in Figure 9. This system can be likened to a spring,
where all tension from cyclic loads will be directed to the
link beam during yield conditions®. Therefore, the 25 cm
vertical beam is the intermediate beam because it combines
shear and flexural cracks”. In the other hand, shear stress
has been identified as a primary factor in the process of
shear collapse. Shear stress exceeding the shear stress
capacity causes cracking as evidenced by the presence of
substantial diagonal crack pattern in the vertical link
beam!'$37).

3.6. Ultimate Condition Cracks

Finally, the CBF specimen had the highest load capacity as
it reached phase 3 cycle one load (Pu) of 3370 kg with a
displacement (Au) of 25.8 m but with an increase in the

number of cracks to only 50. The test was stopped when
failure occurred at notation 3, characterized by a wider
crack, according to Figure 10. The CBF showed a crack
distribution concentrated in both sides of diagonal bracing
and bottom joint. In addition, the cracks were dominated
by flexural cracks in the bracing and oblique shear cracks
in the joints, which were predominated by small cracks.
Moreover, the fissures manifest visual symmetry on both
sides. There was an augmentation of 20 cracks in
comparison with the specimen devoid of GGBFS'®. More
finer cracks accurately describe a more ductile frame
behavior®?. Therefore, it can be concluded that GGBFS
can improve the collapse behavior to be more ductile.
Moreover, EBF-V-15 has been observed to exhibit a
reduced ultimate load in relation to CBF. This
phenomenon can be attributed to the influence of the
vertical link beam, which prioritises the enhancement of
ductility due to its non-rigid nature'”. This is characterized
by the fact that EBF-V-15 can only achieve an ultimate
load (Pu) of 2439 kg with a displacement (Au) of 18.01
mm. Overall, the nonlinear behavior is dominant in the
vertical link, as evidenced by the larger number of cracks,
which minimizes damage to the frame. It is also beneficial
to keep the frame in an elastic state as much as possible.
Finally, the test was terminated when the frame reached its
maximum capacity with the wider cracks indicated by
notation 17 in Figure 10. In conclusion, EBF-V-15 has a
more ductile behavior compared to CBF. This is
characterized by almost the same number of cracks but at
a lower loading phase.
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Fig. 9: Crack in the yield point of the vertical beam: (a)
EBF-V-15, (b) EBF-V-25
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Fig. 10: Crack pattern of frame: (a) CBF, (b) EBF-V-15,
(c) EBF-V-25

EBF-V-25 compared to EBF-V-15 specimens experienced
a decrease in load-carrying capacity. The EBF-V-25
specimen could only reach the ultimate state with a load
(Pu) of 1997 kg and a displacement (Au) of 17.12 mm in
the loading phase of 2 cycles 1. Specifically, this is due to
the longer beam, which results in a lower stiffness value.
Furthermore, the role of tighter transverse reinforcement
(75 mm) also greatly helps in maintaining the structure's
high seismic capacity. The best results were obtained from
specimen EBF-V-15. Although the value is lower than in
previous studies, from 2625 kg to 2439 kg or around 7%,
the structure is still able to maintain its lateral capacity at
higher deformations. This is indicated by an increase in
deformation of 18.68 mm, from only 8.30 mm
previously'®.

There were 10 additional cracks from the yield state for 51
cracks. This value is also higher than EBF-V-15, which
can only have 36 cracks. The higher number of cracks
indicates that the longer beam works very well in
providing a more ductile collapse behavior even at low
loading phases.

Table 4: Phase-cylce to crack

Specimen P(l;;zfe_ Load (kg) ol;h(l;l:cel:s

1-1 1313 7
1-2 1313 8
1-3 1313 8
1-4 1313 8
1-5 1313 8

CBF 2-1 2625 23
2-2 2625 32
2-3 2625 38
2-4 2625 40
2-5 2625 43
3-1 3370 50
1-1 1313 8
1-2 1313 13
1-3 1313 15

EBF-V-15
1-4 1313 15
1-5 1313 15
2-1 2439 36
1-1 1313 9
1-2 1313 31
1-3 1313 34

EBF-V-25
1-4 1313 37
1-5 1313 39
2-1 1997 51

3.7. Phase — Cycle Loading to Crack

Overall, CBFs had a higher number of cracks compared to
EBFs. However, the cracks occurred at higher load stages
with more cycles, so this number can only be attributed to
the greater capacity of the CBF. The CBF was able to reach
the highest load of 3370 kg, which directly correlates to a
large number of cracks (50 cracks). On the other hand, the
EBF was able to achieve approximately the same number
of cracks with a lower loading phase, as shown in Table 4.
Moreover, when plotted in the graphs, a ductile behavior
of the EBF is obtained, where there is a uniform increase
of cracks with respect to the load and load cycles in Figure
11 and Figure 12. These results also show that the use of a
15 cm vertical beam (EB-V-15) improves the collapse with
a large number of cracks that are concentrated and
symmetrical, but with a high capacity. This indicates that
there is an improvement in ductile behavior with the use of
link beams!”. Conversely, the capacity of the vertical link
beam can be augmented by the implementation of steel
stiffener plates, which offer additional benefits as a
structural repair mechanism*D.
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Table S: Load — displacement to crack of yield and ultimate
Phase

Code - Izlta;i DlSp(l;cIf:)nem Cracks
Cycle g

2-5 2527,5 18.65 43
CBF

3-1 3370 25.80 50

2-1 1829 13.76 34
EBF-V-15

2-1 2439 18.68 36

2-1 1497.75 11.30 41
EBF-V-15

2-1 1997 17.12 51

3.8. Load — Displacement to Crack

High loads are closely related to the resulting deformation
values. Tests show that as the load increases, there is a
positive correlation with increasing dis-placement as
shown in Table 5. In other words, a greater displacement
corresponds to an increased number of cracks evenly
distributed in each framed specimen. Therefore, this
parameter also indicates that GGBFS plays a very good
role in improving the ductility of the structure by
increasing the number of uniformly distributed cracks with
each increase in load and displacement. More importantly,
GGBFS with smaller particles can play an active role in
improving the ductile collapse behavior by reducing the
number of voids in the concrete so that fine cracks are
uniformly distributed in all parts of the frame. Furthermore,
GGBFS has been shown to have a significant impact on
the distribution of symmetrical cracks, with a uniform
effect on both sides of the bracing system>?.

4. Conclusion

In conclusion, it is evident that the CBF possesses the
greatest capacity, although it is limited ductile behavior
based on both hysteresis curves and cracking behavior.
Therefore, EBF-V-15 has the advantage of the best seismic
performance with high capacity and ductile collapse
behavior. EBF-V-15 can withstand a load of 2439 kg at a
high deformation of 18.68 mm. 7% smaller capacity but
with a 23.9% increase in displacement. In addition, the
combination with dense transverse reinforcement (75 mm)
is able to increase the ductility and stiffness with high and
stable nonlinear displacement compared to OPC. The
contribution of the link beam provide a stable nonlinear
behavior characterized by an inclined curve, while keeping
the main structure elastic. In addition, longer link beams
result in a combination of shear and flexural collapse
patterns. More importantly, GGBFS greatly improves
ductile behavior by contributing to many smooth,
symmetrical cracks throughout the frame specimen.
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