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ABSTRACT

Indonesia is located in a region with high
seismic activity due to tectonic plate interactions
and its position along the Pacific Ring of Fire.
The update of the seismic design code from SNI
1726:2012 to SNI 1726:2019 has increased seismic
demand, raising concerns regarding the safety
of existing multi-storey buildings. This study
aims to evaluate the seismic performance of a
multi-storey building in Surabaya using a
performance-based approach in accorandce with
ASCE 41-17. Nonlinear static (pushover)
analysis was conducted to identify beam
elements exceeding the Collapse Prevention
performance limit under BSE-2E earthquake
demand. Subsequently, structural strengthening
using Carbon Fiber Reinforced Polymer (CFRP)
was implemented based on ACI 440.2R-17
provisions. The results indicate that CFRP
strengthening  effectively  enhances beam
capacity and overall structural performance,
enabling the building to achieve the Life Safety
performance level under the maximum design
earthquake.
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INTRODUCTION

Earthquakes are natural phenomena that generate significant dynamic
forces on building structures due to the sudden release of energy within the
Earth’s crust. Seismic excitations induce structural deformations that depend on
ground acceleration and structural characteristics such as stiffness, mass, and
building height (Tantyoko et al., 2023). Excessive deformation may lead to
structural failure, therefore buildings located in seismic-prone areas must be
designed and evaluated using stringent seismic standards to ensure adequate
strength and ductility (Santoso & Astawa, 2022).

Indonesia is classified as a high seismic risk country because it lies at the
convergence of four major tectonic plates and along the Pacific Ring of Fire
(Novena, 2022). Numerous destructive earthquakes, both globally and
nationally, such as the 1960 Great Chilean Earthquake and the 2004 Aceh
Earthquake, have demonstrated the severe impact of seismic events on
buildings and infrastructure, resulting in massive casualties and economic
losses. These events highlight the urgent need to enhance the seismic resilience
of building structures (Fata, 2022).

EARTHQUAKE OCCURRENCES
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Figure 1. Damaging Earthquakes in Indonesia from 2000 to 2022

The update of the Indonesian seismic design code from SNI 1726:2012 to
SNI 1726:2019 has led to a significant increase in design seismic loads in several
regions, including Surabaya. The increase in base shear demand raises concerns
regarding the safety of existing buildings designed using earlier standards
(Wicaksana & Rosyidah, 2021). Consequently, seismic performance evaluation
becomes essential to assess whether beam elements are capable of resisting the
increased seismic demands imposed by the updated code (Trimurtiningrum et
al., 2020).

Seismic evaluation of existing buildings is commonly conducted using a
performance-based approach in accorandce with ASCE 41-17, which provides
comprehensive procedures for assessing structural performance levels and
demand-to-capacity ratios (DCR). This standard enables the identification of
deficient beam elements and determines acceptable performance objectives
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such as Life Safety or Immediate Occupancy, forming a rational basis for
seismic rehabilitation planning (Hilmi et al., 2021).

When beam elements are found to be inadequate, seismic strengthening
using Carbon Fiber Reinforced Polymer (CFRP) is considered an effective
rehabilitation method (Hirwo & Rozak, 2022). CFRP offers a high strength-to-
weight ratio and is capable of significantly enhancing the flexural capacity,
shear resistance, and ductility of reinforced concrete beams without
substantially increasing structural mass (Sari et al., 2022). The application of
CFRP, particularly for multi-storey buildings, represents an efficient and
reliable solution to improve seismic performance (Febrianto et al., 2024).

THEORETICAL REVIEW
Performance-Based Seismic Engineering (PBSE)

Performance-Based Seismic Engineering (PBSE) is a seismic design and
evaluation approach that focuses on predicting how a structure will perform
under different levels of earthquake intensity (Nasution, 2023). Rather than
relying solely on strength-based criteria, PBSE evaluates structural response in
terms of performance levels such as Immediate Occupancy (IO), Life Safety
(LS), and Collapse Prevention (CP). This approach allows engineers to identify
structural deficiencies and potential failure mechanisms, particularly through
nonlinear analysis methods such as pushover analysis (ASCE 41-17). In this
study, PBSE is implemented following ASCE 41-17 to assess the seismic
performance of an existing multi-storey building and to identify beam elements
that exceed the Collapse Prevention limit under BSE-2E earthquake demand.
Previous studies have demonstrated that performance-based evaluation
provides a more realistic assessment of existing structures designed under older
seismic codes and effectively identifies elements requiring strengthening.

H1: Existing beam elements designed according to SNI 1726:2012 do not
tully satisfy the seismic performance requirements of SNI 1726:2019 at the BSE-
2E hazard level.

Nonlinear Static (Pushover) Analysis

Pushover analysis is a nonlinear static analysis method used to evaluate
the inelastic behavior of structures under gradually increasing lateral loads.
This method enables the identification of plastic hinge formation, structural
capacity, and performance points based on capacity-demand relationships
(Hutama, 2021). The distribution and progression of plastic hinges indicate
whether structural elements exceed acceptable performance limits. In
accordance with FEMA 440 and ASCE 41-17, pushover analysis is employed in
this study to determine the seismic performance level of the structure before
and after strengthening. Previous research confirms that pushover analysis is
effective in identifying critical beam elements and evaluating improvements in
structural performance due to retrofitting measures.

H2: Pushover analysis can effectively identify beam elements that exceed
the Collapse Prevention performance limit under seismic loading.
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Carbon Fiber Reinforced Polymer (CFRP) Strengthening Theory

Carbon Fiber Reinforced Polymer (CFRP) is a composite material widely
used for structural strengthening due to its high strength-to-weight ratio,
corrosion resistance, and ease of installation (Purnama & Nugroho, 2023). When
applied to reinforced concrete beams, CFRP enhances flexural capacity, shear
resistance, and ductility without significantly increasing structural mass.
Design and application of CFRP follow provisions outlined in ACI 440.2R-17,
considering failure modes such as debonding, rupture, and concrete crushing
(Hakiki, 2025). In this research, CFRP laminates are applied to critical beam
sections to increase moment capacity and control plastic hinge behavior.
Numerous studies have shown that CFRP strengthening significantly improves
seismic performance of deficient beam elements in existing structures.

H3: Strengthening beam elements using CFRP increases flexural capacity
and prevents plastic hinge development beyond the Collapse Prevention limit.

Seismic Retrofitting and Structural Performance Improvement

Seismic retrofitting aims to restore or enhance the strength, stiffness, and
ductility of existing structures to meet updated seismic demands. Effective
retrofitting should result in improved global structural performance, reflected
in increased base shear capacity and acceptable displacement at the
performance point (Utomo et al., 2024). CFRP-based retrofitting is particularly
suitable for existing buildings due to minimal architectural disruption and high
structural efficiency (Suprapto et al., 2022). In this study, the effectiveness of
CFRP retrofitting is evaluated by comparing seismic performance before and
after strengthening. Previous findings indicate that CFRP retrofitting leads to
significant improvements in overall structural performance under maximum
considered earthquake conditions.

H4: CFRP retrofitting improves overall structural performance, enabling
the building to achieve the Life Safety performance level under BSE-2E
earthquake demand.

METHODOLOGY

This study employs a quantitative method with a performance-based
analysis approach to evaluate and enhance the seismic performance of an
existing multi-storey building. The research object is a multi-storey building
located in Surabaya, which was originally designed in accorandce with the
seismic design code SNI 1726:2012.

The initial stage of the study involves data collection, including structural
drawings, element dimensions, concrete and reinforcing steel material
properties, and building load data. Subsequently, the structural model is
developed using SAP2000 V.26.3.0 by applying seismic loads in accorandce
with the provisions of SNI 1726:2019.

Seismic performance evaluation is conducted using nonlinear static
(pushover) analysis based on ASCE 41-17 to identify beam elements with
insufficient capacity that exceed the Collapse Prevention performance limit
under the BSE-2E earthquake level.
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Critical beam elements identified from the evaluation are then
strengthened using Carbon Fiber Reinforced Polymer (CFRP), designed in
accorandce with ACI 440.2R-17. After strengthening, a re-evaluation using
pushover analysis is performed to assess the improvement in beam capacity
and overall structural performance. The seismic performance before and after
strengthening is compared to evaluate the effectiveness of the CFRP
strengthening.

RESEARCH RESULTS
Location of Plastic Hinge Failure

The structural element requiring strengthening due to exceeding the
Collapse Prevention (CP) performance limit is beam B6-1 (150 mm % 400 mm)
located on the 4t floor. The location of plastic hinge failure for this beam is
illustrated as follows.

&

1 L

Figure 2 Location of Plastic Hinge Failure on the 4" Floor

A summary of the comparison of support and midspan moment capacity
values of the beams requiring strengthening on each floor is obtained as
follows.

Table 1. Comparison of Support and Midspan Moments at Critical Plastic
Hinge Locations
Hinge M, Support M, Midspan

Floor Beam Location Status N) N)
4th AS 2-D joint SCP 2220595627 6300686046
Floor 62-1 and 63-1
AS 2-E joint SCP 1274316543 5931412103
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64-1 and 65-1
AS 2-F joint
66-1 and 67-1

>CP

2039567729

5683352858

Table 1. Comparison of Support and Midspan Moments at Critical Plastic
Hinge Locations (Continued)

Floor Beam Location IS_ItlaI;ﬁz M. S(;I;Port M. N(Ili\ld)span
A ifdj %r;t_i%'l SCP 4023653296 5835544842
1:15:,; AS zaf (}()11;1;_138-1 SCP 1176564317 5459721744
A Zaﬂolizlt_lfo'l SCP 7683753609 5175578703
A za-r?dj 3?;8?57_1 SCP 4069758513 5088719975
F16§;r AS 2af gozi;‘goz_?g“l SCP 7884959506 4766044623
A if;";;;j 3161'1 SCP 8336033695 4638888731
A% 2;;505 32139%1108_1 SCP 4299890959 4487261494
Ff;; AS zaf goziﬂlzjlo'l SCP 1037473985 4094990889
A5 251_:50212;32_ ?2—1 >CP 86814125,67 3865758084
As 2;?; 3220%1159_1 SCP 4653950498 3634667407
Fif;r AS zaf C{'Ozizgzzjﬂ'l SCP 7579312094 3280554858
A i:ﬁfgf i63'1 >CP 80197496,06 3144077785
A Z;Edj 31511;1%?10'1 SCP 4644832766 2802225521
Ff;f)r AS 2af ;c’zi;‘ltg)z_ilz'l SCP 9102163201 2425459583
A 2a§$°§§§ 5%?4_1 SCP 7371260213 2212047114
A 2;1)(11' 315“;2%?61'1 SCP 2544106065 1880776221
oy OEEIROOT scp tete02 157600730
A 261:5021;262 5165'1 SCP  51552131,01 1443733322
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Strengthening Material Data
The following CFRP material properties are used for strengthening the
existing building;:

Material Name = SIKA Carbodur 51012

Type = CFRP Laminate Tape

Width =100 mm

Thickness (t) =1,2mm

FRP Area (A)) =120 mm?

Ultimate Tensile Strength (fx) = 2800 MPa

Ultimate Strain (es) =>1,69%

Elastic Modulus (Ej) =165.000 MPa

Environmental Reduction Factor (CE) = 0,95 (Table 9.4, ACI 440.2R-17)
Strength Reduction Factor () = 0,85 (Section 10.2.10, ACI 440.2R-17)

The existing beam B6-1 (150 mm x 400 mm) on the 4t floor has the following
properties:

Beam Depth (dy) =400 mm

Beam Width (b) =150 mm

Effective Depth (d) = 347 mm

Concrete Compressive Strength (f'c) = 24,9 MPa

Steel Yield Strength (f,) = 400 MPa

Concrete Elastic Modulus (E.) = 23452,95 MPa

Concrete Ultimate Strain (ec) = 0,003

Steel Elastic Modulus (Es) = 200000 MPa

Stress Block Parameter = 0,8 (Section 10.2.10, ACI 440.2R-17)
The moment data are summarized as follows:

Moment (DL + SIDL) = 91021632,02 Nmm
Support Ultimate Moment (M) = 11010600000 Nm
Existing Nominal Moment at Support (M) =10892147960,34 Nmm
Nominal Moment without FRP = 35084086,25 Nmm
Reduced FRP Moment Capacity (M) = 9802933164,30 Nmm
Midspan Ultimate Moment (M.,) = 11010600000 Nm
Existing Nominal Moment at Midspan (M)  =10892147960,34 Nmm
Nominal Moment without FRP = 35084086,25 Nmm
Reduced FRP Moment Capacity (M) = 9802933164,30 Nmm

Environmental Reduction Factor

To determine the reduction due to environmental effects, the calculation
is multiplied by the environmental reduction factor in accordance with Table
9.4 of ACI 440.2R-17, as shown in the following calculation.

fru = CE X fg,, = 0,95 X 2800 MPa = 2660 MPa
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Maximum FRP Strain after Reduction

The maximum FRP strain after applying the reduction factor is
calculated by dividing the reduced tensile strength by the elastic modulus of the
FRP, as shown in the following calculation.

_ ffu _ 2660 MPa — 001697
v =E, T 165000 MPa
Initial Concrete Strain due to Dead Load

The initial concrete strain resulting from dead load is determined using
the following calculation.

My, —y 91021632,02 Nmm — (400#)
fbi = = (150 mm x (400 mm)?) — 200097
Eely  23452,95 Mpa x 1201 X (100 mim)

Maximum Debonding Strain

The maximum debonding strain is determined to ensure that the FRP
strain does not exceed the debonding limit, thereby preventing premature
debonding when the structural element is subjected to ultimate loading. The
calculation is performed as follows.

fl
=0,41 £ <0,9
&fd 0, nEftf <0, Efu
= 041 24,9 MPa <009 x 0,01697
&a = Y 105 % 165000 MPa x 12mm — >

grq = 0,0065 < 0,0153 (meet the requirements)

Effective FRP Strain

To determine the effective FRP strain, the value of c is first evaluated. In
this calculation, the effective FRP strain (efe) is assumed to be equal to the
debonding strain (efd), and the calculation procedure is carried out as follows.

(gre —eni) _ (df—c)

Ecu c
(0,0065 — 0,00097) (400 mm —c)
0,003 ) c
2,490847 = 400-—c
¢ = 114,58536 mm
Effective FRP Stress

The effective FRP stress is determined using the following calculation.

fre = Erére = 165000 MPa x 0,0065 = 1072,8769 MPa
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CFRP Requirement
The required amount of CFRP for strengthening the beam element is
determined using the following calculation.

Support Calculation

AM (11010600000 Nmm — 10892147960,34 Nmm)
fre Xz 1072,8769 MPa — (0,9 X 347 mm)
Af Tumpuan = 353,52545 mm?
n _ Af Tumpuan _ 353,5254‘4‘ mmz
ply = te X b " 1,2 mm x 150 mm

Af Tumpuan —

= 1,96403 = 2 layer

Midspan Calculation

p _AM (10925000000 Nmm — 10892147960 Nmm)
flapangan = £ Xz 1072,8769 MPa — (0,9 x 347 mm)
Af Lapangan = 98,04839 mm?
_ Af Lapangan _ 98,04‘839 mm2
Tty = trxb  1,2mmx 150 mm

= 0,54471 = 1 layer

Nominal Moment Capacity
The nominal moment capacity is determined using the following
calculation.

Support Calculation

Bic Bic
M, Tumpuan — Asfs (d - %) + ¢fAfffe (df - %)

0,85 x 114,58536 mm
)

0,85 X 353,52544 mm?2 X 1072,8769 MPa (400 mm —
My, Tumpuan = 114666994,8 Nmm

My, Tumpuan = 265,57 X 17,785 (347 mm —

0,85 x 114,58536 mm)
2

Midspan Calculation

Pic Pic
M, Lapangan = Agfs (d - %) + l/)fAfffe (df - %)

0,85 x 114,58536 mm) 4

2
0,85 x 114,58536 mm)

2

M, Lapangan = 265,57 X 17,785 (347 mm —

0,85 X 98,04839 mm? x 1072,8769 MPa (400 mm —
My, Lapangan = 32820447,25 Nmm
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Since the beam width is 150 mm and the FRP width is 100 mm 1,5 CFRP
strips are applied for each layer. Based on this configuration, the following
values are obtained:

Installed FRP Area per Layer = 400 mm?

WM, at Support = 114666994,8 Nmm
M, at Support = 11005406027 Nmm
Increase in Beam Moment Capacity =1,010398139

WM, at Midspan = 32820447,25 Nmm
M,, at Midspan = 10859327513 Nmm
Increase in Beam Moment Capacity = 0,996986779

[ CFRP TAPE S1012-ZLayer 1,3Strip

ti=1,2mm L=100mm

400

1'—“‘1 50—:'

—— CFRP TAPE $1012-1Layer 1,5Strip

1.2mm L=100mm

Figure 3. Detail of CFRP Installation for Beam B6-1 (150 mm x 400 mm)

Post-CFRP Installation Structural Performance Evaluation

Since pushover analysis does not generate cyclic loading, the Carbon
Fiber Reinforced Polymer (CFRP) is installed continuously along grid line AS 2
and grid line AS C-F. Subsequently, the post-strengthening pushover
evaluation is conducted by increasing the yield moment capacity to account for
the additional moment capacity provided by the CFRP strengthening, while
maintaining the same plastic hinge parameters as those used for Beam B6-1 (150
mm X 400 mm).
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Figure 4 Post-Retrofit Plastic Hinge Locations on the 4t Floor

The post-retrofitting analysis results indicate that the overall structure
satisfies the Life Safety (LS) performance criteria in accordance with the design
requirements at the BSE-2E earthquake level. After strengthening, all structural
elements, including Beam B6-1 on the 4t floor that was previously classified as
critical, no longer exceed the Collapse Prevention (CP) performance limit. This
confirms that the implemented strengthening strategy is effective in improving
the seismic performance of the structure.

The distribution of plastic hinges shown in the figure also indicates that
several structural elements have reached the Life Safety (LS)-Collapse
Prevention (CP) performance level, as reflected by the predominance of green-
colored components.

T Delcerved Dhagw PUTH AL - Bepd -

Figure 5 Post Retrofit Structural Element Condition at Step 4
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Accordingly, the strengthening analysis results demonstrate that the
post-retrofitted structure has successfully achieved and satisfied the Life Safety
(LS)-Collapse Prevention (CP) performance criteria under the highest design
earthquake level, namely BSE-2E (or the maximum considered earthquake).
Consequently, an increase in base shear and displacement values at the
performance point is obtained, as presented in the following table.

Table 2. Comparison of Performance Points Before and After Retrofitting

Performance Point Performance Point
Position Before CFRP After CFRP
Base Shear Displacement Base Shear Displacement
(N) (mm) (N) (mm)
X Direction 3317814 182,498 3501787 172,663
Y Direction 3406188 185,217 3587411 180,954

Thus, it can be concluded that CFRP strengthening can be used as an
effective alternative for retrofitting buildings to meet higher seismic force
demands than those considered in the existing design strength.

CONCLUSIONS AND RECOMMENDATIONS

The results of the performance level analysis of the building based on the
BSE-2E seismic level after the implementation of seismic rehabilitation using
CFRP Laminate Tape SIKA Carbodur S1012 applied with 3 strips in the support
regions and 1,5 strips in the span regions indicate that the post-retrofitted
structure has successfully achieved and satisfied the Life Safety (LS)-Collapse
Prevention (CP) performance criteria. The performance point prior to CFRP
strengthening shows base shear and displacement values of 3317814 N and
182,498 mm in the X direction, and 3406188 N and 185,217 mm in the Y direction.
After CFRP strengthening, the performance point increases to 3501787 N and
172,498 mm in the X direction, and 3587411 N and 180,954 mm in the Y direction.
Furthermore, the post-retrofit nominal moment capacity at the supports reaches
11005406027 Nmm, corresponding to an increase in beam moment capacity of
1,0104%, while the nominal moment capacity at mid-span reaches 32820447,25
Nmm, with a moment capacity increase of 0,9969%.

FURTHER STUDY

The output results of this study only present the required CFRP
strengthening schemes; therefore, future research is recommended to include
detailed drawings and reinforcement detailing.

The software used in this study was SAP2000 V.26.3.0; hence, future
studies are encouraged to utilize software capable of explicitly modeling CFRP
material properties, including the nonlinear interaction between concrete, steel
reinforcement, and CFRP laminates.

The analysis method employed in this study was linear static pushover
analysis; therefore, future research is recommended to evaluate the structural
response using nonlinear time history analysis in order to obtain a more
detailed representation of the dynamic behavior.
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