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ABSTRACT Understanding the vulnerability of school shelters to tsunamis is crucial for developing effective mitigation strategies and increasing
the resilience of coastal communities in the education sector. SDN 02 Sasak Ranah Pasisia, an elementary school in West Pasaman Regency, West
Sumatera, Indonesia, had a shelter building constructed in 2010. However, the construction remains incomplete. A structural assessment using current
Indonesian building codes and vulnerability analysis is necessary to proceed with construction and ensure the building’s strength against the working
loads. Thestructural assessment revealed that several columns could not support the working load, necessitating local retrofitting. In this study, the
retrofitting of the building was designed using concrete jacketing. Furthermore, structural fragility curves of the school building were developed
before and after retrofitting against earthquake and tsunami loads. The seismic fragility curve was determined from the maximum displacement of
the building for varied earthquake acceleration, using nonlinear time history dynamic response analysis scaled using the incremental dynamic analysis
method and damage limits defined by ATC-40, characterized by Hazus. Meanwhile, the tsunami fragility curve was determined from the maximum
displacement due to tsunami load for each variation of tsunami inundation depth. The vulnerability analysis results indicated that retrofitting the school
building with concrete jacketing reduces the probability of building damage due to earthquake loads by 18% at the level of complete damage at a PGA
of 0.520 g (based on the Indonesian Seismic Map). Similarly, it reduced the probability of building damage due to tsunami loads by 20%, at the level of

complete damage corresponding to a tsunami wave height of 5.00 m for West Pasaman, Indonesia.
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1 INTRODUCTION

West Sumatra is a province located in the western part
of Indonesia. Geographically, West Sumatra province
is a potential source of large-scale earthquakes and
tsunamis (Putra et al., 2022). One of the potential
sources of this disaster is the movement of the Indo-
Australian plate, which moves at 7 mm year! beneath
the Eurasian plate. The magnitude of this movement
indicates that each plate is actively moving, and this
movement causes earthquakes and even tsunamis. In
addition, based on historical data,numerous seismic
events and occurrences of tsunamis have been docu-
mented, arisingfrom the complex interactions of con-
verging plate boundaries within the Sumatra subduc-
tion zone (Haridhi et al., 2023), such as the Indo-
Australian plate pushing against the stable Indonesian
plate. A push beyond the elasticity of the stable plate
will generate a major tsunami, such as in 1833 (Mw 9.2),
2005 (Mw 9.3), and most recently 2010 in Mentawai.
Recently, more than 61 earthquakes in the area were
predicted to be in the megathrust segment with a mag-
nitude of at least 4 Mw (Putra et al., 2022).

The risk of death due to earthquakes and tsunamis is

very high, so good risk management is needed to re-
duce the number of victims. Disaster management
for tsunamis can be improved by mapping evacuation
routes and shelters. In several cases, horizontal evacu-
ation does not work, mainly because there is very lit-
tle road infrastructure in West Sumatra, Indonesia’s
coastal areas, that is perpendicular to higher ground
locations, making it challenging to carry out horizon-
tal evacuation. Consequently, evacuating vertically to
multi-story buildings (shelters) around school build-
ings is necessary when a tsunami warning is given.

Understanding the vulnerability of shelter (escape
building) in school areas to tsunamis is critical for de-
veloping effective mitigation strategies and increas-
ing the resilience of coastal communities in the edu-
cation sector. Vulnerability is one reason why, as the
schools are not built to be disaster-resilient, countless
children’s safety is at risk. This dynamic characteris-
tic must be studied by correlating individuals, socio-
structural factors, and changing conditions over time
(Hansson et al., 2020). In this study, the school build-
ing of SDN 02 Sasak Ranah Pasisia in West Pasaman,
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Figure 1 The location of existing shelter school building (Google
Maps, 2024).
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West Sumatra, Indonesia, is in the category of being
vulnerable to earthquakes and tsunamis and requires
more attention to the disaster prevention system, so a
shelter building is needed in the school area, as shown
in Figure 1.

The SDN 02 Sasak Ranah Pasisia, an elementary school,
had a shelter building constructed in 2010 (after the
2009 West Sumatra earthquake). However, as of now,
the construction remains incomplete (Figure 2a). The
shelter building is planned to be a three-story rein-
forced Concrete (RC) structure with a height of 14.55 m.
The building is in the tsunami red zone area, around 0.6
km from the coastal line. Before continuing the con-
struction of this shelter, it is necessary to review the
structure’s suitability to existing conditions. A visual
assessment and concrete testing of the existing build-
ing have been carried out. Based on the visual assess-
ment, it was found that cracks appear in the column
structure (b), column reinforcement is visible (c), and
the concrete cover is peeling off (d), as shown in Figure
2. The method and type of test carried out to evaluate
the quality of existing concrete included a hammer test
and steel reinforcement using tensile testing of rein-
forcing bars in the laboratory.

Currently, changes in earthquake regulations and re-
inforced concrete building construction in Indonesia
continue to occur along with the development of en-
gineering science. The design of the school shel-
ter RC building uses old Indonesian building regula-
tions, so it is necessary to evaluate the feasibility of
the school shelter building using the current building
standards. Apart from regulatory changes, the SDN
02 Sasak Ranah Pasisia school shelter building in West
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Pasaman was not planned to withstand tsunami loads
by the design consultant, as Indonesia lacks established
regulations specifically addressing tsunamis.

In practical terms, the occurrence of a tsunami would
inevitably impact the shelter, adversely affecting its
strength and capacity to bear the current load poten-
tially resulting in structural damage. A structural as-
sessment using current Indonesian building codes was
conducted to proceed with construction and ensure the
building’s strength against the working loads. In ad-
dition, a vulnerability assessment using the fragility
curve of this building was developed to observe the
probability of structural damage.

Previous studies regarding the vulnerability of school
buildings to earthquakes and tsunamis have been un-
dertaken in multiple nations, including Indonesia (Is-
tigamah et al., 2022), Portugal (Ribeiro et al., 2022),
Ecuador (Ballesteros-Salazar et al., 2022), and Japan
(Sakurai et al., 2020). However, there is only limited
research on the vulnerability of school shelter build-
ings, which is a solution to school buildings not being
tsunami resistant using current regulations. Several
factors, such as quality, quantity, and feasibility of con-
tinuing the construction of shelter buildings, are con-
sidered in determining the aim of this study.

This study evaluates the feasibility of school shel-
ter buildings against earthquake and tsunami hazards
using current building regulations before continuing
their construction. A solution for retrofitting the build-
ing structure was also developed using the concrete
jacketing method. Furthermore, the vulnerability of
the shelter buildings is evaluated using a fragility curve
developed within this investigation, enabling the pre-
diction of potential damage levels in the event of an
earthquake and tsunami disaster.

2 METHODS
2.1 Collecting Shelter School Building Data

This study was conducted in the shelter school build-
ing at SDN 02 Sasak Ranah Pasisia, West Pasaman, West
Sumatra, Indonesia. This shelter building is an evac-
uation site for earthquake and tsunami disasters, es-

Figure 2 Condition of existing shelter building (a); Crack in the column structure (b); column reinforcement s visible (c); and the concrete
cover is peeling off (d)
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Figure 3 Front view of shelter building (a) and first floor plan (b)

Table 1. Detail of columns

Section Flex. Reinf. Bar Shear Reinf. Bar

No. Type Disp. Color

D W S M S M
1 K1 Red 300 500 16D22 @10-100 ©10-200 @10-150
2 K2 Blue 300 500 16D22 ©@10-100 ©@10-200 @10-150
3 K3 Brown 300 500 16D22 ©@10-100 ©@10-200 @10-150
4 K4 Yellow 300 300 8D19 ©@10-100 ©10-200 @10-150

Table 2. Detail of beams

. i Flex. Reinf. hear Reinf.
No. Type Disp. Color Section ex. Reinf. Bar Shear Reinf. Bar

D W T C T C
1 Bl Green 450 300 5D19 3D19 ©10-100 ©10-150
3 B2 Yellow 350 250 4D16 2D16 ©10-100 @10-150
4 B3 Purple 450 300 4D19 2D19 ©10-100 ©10-150
6 B4 Gray 350 250 3D16 2D16 ©10-100 ©10-150

pecially for students who are highly vulnerable when
a disaster occurs. It has three floors and is made of Re-
inforced Concrete (RC).

In this study, the concrete quality, reinforcing steel
quality, dimensions of structural elements, and room
functions were obtained from as-built drawings (Figure
3). The compressive strength of the existing concrete in
the first-floor column is 27.54 MPa, while the planned
structural elements for the continued work require a
concrete strength of 20.75 MPa, as specified in the plan
drawings, and specified density for normal concrete is
2,400 kg m™3. The reinforcing steel quality of the longi-
tudinal bar has minimum yield strength, f, = 384 MPa
and minimum tensile strength, f,, = 600 MPa, while the
reinforcing steel quality of the ties bar has f, =235 MPa
and f, = 380 MPa. The density and elastic modulus of
steel bars are 7850 kg m™ and 2.105 MPa, respectively.
The structure includes main columns and beams with
reinforcement bars, detailed in Tables 1 and 2.

In this study, the building is evaluated using tsunami
parameters based on the tsunami risk map of West
Sumatra and Google Earth with an inundation distance
of 2,350 m, building base elevation (z) of 3.4 m, and in-
undation depth of 5 m from the coastline.

2.2 Modeling

Structural modeling is carried out according to the
technical data obtained using the finite element soft-
ware program ETABS v.21. The structural elements, in-
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Figure 4 3D Modeling of shelter building

cluding floor slabs, were modeled as thin shells with a
rigid diaphragm, and columns and beams, were mod-
eled as frame elements with a fixed support boundary
condition. The fixed support boundary condition re-
stricts all translation degrees of freedom for the as-
signed entities to zero. It is used to model portions
of the geometry that are connected to a rigid body. In
this study, these rigid bodies are used for ground foun-
dations, column-foundation joints, and beam-column
joints. The 3D modeling of the existing building is il-
lustrated in Figure 4.

2.3 Loading Analysis

2.3.1 Dead Load

According to the Indonesian national standard mini-
mum design load and related criteria for buildings and
other structures (Indonesian National Standardization
Agency, 2020), the dead load encompasses the total
weight of all construction materials installed in a build-
ing, comprising walls, floors, roofs, ceilings, stairs, fixed
partition walls, finishes, building cladding, and other
architectural and structural components, as well as in-
stalled service equipment. In this study, the additional
dead load on the working floor plate is 1.11 kN m2, and
on the concrete deck, the working load is 1.12 kN m™2.
The weight of the wall above the beam is 8.5 kN m'!.

2.3.2 Live Load

Based on Indonesian National Standardization Agency
(2020), the live load acting on the floor plate has been
determined. Live load for the shelter building used the
value 4.79 kN m2 for concrete slab refugee.
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Table 3. Earthquake acceleration data

Time History Direction of the
) Value (g)

Function Name Earthquake

Chichi X 0.580
Chichi Y 0.640
Kobe X 0.610
Kobe Y 0.640
Superstition Hills X 0.640
Superstition Hills Y 0.636

2.3.3 Earthquake Load

Earthquake load is an equivalent static load that acts on
a building or part of a building to mimics the influence
of ground movement due to the earthquake. In this
study, the earthquake loads are calculated using pa-
rameters based on the Indonesian seismic standard (In-
donesian National Standardization Agency, 2019) with
shelter building as risk category IV, a priority factor
(I.) 1.5, the value of the response modification coeffi-
cient (R) set at 8, the over-strength factor system (Q2)
set at 3, and the deflection magnification factor (C,)
set at 5.5, the approach reinforcement parameter (C;)
is 0.0466, and the approach period parameter (x) is 0.9.
The acceleration spectrum parameters are used in the
response spectrum design of West Pasaman District,
Indonesia.

2.3.4 Ground Acceleration Data

The earthquake load will also be analyzed using the
time history method so that the acceleration of the
earthquake load is compatible with the structure’s lo-
cation. In time history analysis, the selection of
earthquake ground motion inputs is crucial for accu-
rately simulating the response of a structure to seis-
mic events. In this study, the selected ground motion
records are matched the target response spectrum us-
ing ETABS with the response spectrum design of West
Pasaman District, Indonesia (location of the existing
building). The earthquake acceleration used is shown
in Table 3.

The time history analysis considers nonlinear mate-
rial with parametric strain data, including strain at un-
confined compressive strength (f’.) =0.00192, ultimate
unconfined strain capacity = 0.005, and final compres-
sion slope (multiplier on E) = -0.1.

2.3.5 Tsunami Load

The tsunami loads were calculated based on the Guide-
lines for Design of Structures for Vertical Evacuation
from Tsunamis (FEMA P-646, 2019) with an inundation
depth of 5.0 m based on the inundation map of West
Pasaman for structural response analysis against the
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tsunami loads. In addition, tsunami loads for vulner-
ability analysis are inputt at varying tsunami inunda-
tion depths of 0.5-5 m with a range of 0.5 m. In this
study, the distribution of tsunami loads, such as hy-
drostatic force, hydrodynamic force, impulse force, and
the damming of accumulated waterborne debris, is as-
signed to structural components such as columns and
slabs using the finite element method software ETABS
V21 (Fauzan et al., 2023).

FEMA P-646-2019 shows that hydrostatic loads oc-
cur when water movement is slow and steady against
a structure or structural component. This force al-
ways acts perpendicular to the surface of the structural
component. A pressure imbalance is caused by differ-
ences in water depth on opposite sides of the structure
or structural component. Hydrodynamic loads occur
when water flows around a structure; hydrodynamic
forces are exerted on the structure and individual struc-
tural components. These forces are imposed by wa-
ter flows moving at moderate to high speeds and are a
function of the fluid’s specific gravity, flow velocity, and
geometric structure. Also known as drag forces are a
combination of the lateral forces caused by the pressure
forces of a moving water mass and the friction forces
produced when water flows around a structure or com-
ponent.

The foremost water waves cause impulse loads that
impact the building structure. The value of the im-
pulse load is equal to 1.5 times the hydrodynamic load.
The damming of accumulated waterborne debris load,
caused by the accumulation of debris carried through
water, can be calculated as a hydrodynamic force of
increasing magnitude that impedes debris against the
front/outer surface of a structure. The tsunami load
calculation formula is shown in Table 4.

2.4 Load Combination

Load combinations, including dead, live, and earth-
quake loads are calculated based on Indonesian seismic
code (Indonesian National Standardization Agency,
2019), while load combinations with tsunami loads are
calculated based on FEMA P-646-2019, as shown in Ta-
ble 5.

2.5 Structural Retrofitting

Structural retrofitting is a repair action that increases
the strength and stiffness of a building structure.
Structural retrofitting is carried out in buildings that
have experienced damage due to earthquakes, changes
in building function, or the age of the building. It can
also be done for existing buildings designed using old
regulations that are not strong enough to withstand
working loads according to current regulations.
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Table 4. Load combination of tsunami forces
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Table 5. Load combination

Type of Forces Formula No Load combination Note
Fhs =3 X ps X g X bg X h2, 1. U=14D Dead load
where, 2. U=12D+1.6L Dead and live load
) Fhs : hydrostatic forces 3. U=14D+L=*1.3Ex*0.39Ey
Hydrostatic ps : fluid density including sediment 4, U=14D+L#*0.39Ex*1.3Ey Dead, live, and
71T (1100 kg/m3) 5. U=0.7D*1.3Ex*0.39 Ey earthquake loads
g : gravitational acceleration 6. U=0.7D#0.39Ex*1.3Ey
b, : breadth (width) of the wall at 7. U=1.2D+Ts+Lref+0.25L Load combination
the struct. location 8. U=09D+Ts for tsunamis load

hsq : maximum water height above
the base of the wall at the structure
location

Fhs = % X Cg x ps x bg x (h2)max
(h2)mae = gR*(0.125% + 0.11(%)?
where,

Fd : hydrodynamic forces

Cd : drag coefficient (Cd =2.0)

h : flow depth

u : flow velocity at location of

the structure

R : design run up elevation

Z : ground elevation at the base of
the structure

Fs=15x Fd

where,

Fs : Impuls forces

Fd : Hydrodynamic forces

Damming of Fdm = 3 x Ca x ps x g x ba x (h)maz

accumulated where,
waterborne ps : fluid density including sediment
(1100 kg/m3)

g : gravitational acceleration

by : breadth (width) of the wall at
the struct. location

h : flow depth

u : flow velocity at location of
the structure

Global retrofitting is given to a building structure when
it does not meet the structural requirements of the
building. In contrast, local retrofitting is given to build-
ing structural elements, such as columns and beams,
that cannot withstand the working load, such as con-
crete and steel jacketing.

Numerous methods can be employed for local
retrofitting, such as concrete and steel jacketing.
The column jacketing method is widely used to en-
hance the structural capacity of existing columns. This
method involves encasing the existing column with
a new layer of material, typically concrete or steel,
following the installation of additional reinforcement.

The process begins with surface preparation, including
cleaning and repairing damaged areas. Subsequently,
additional reinforcement is installed to augment the
strength and stiffness of the column. The new material
layer is then applied to form a robust protective layer,
usually by pouring or spraying. In this study, local
retrofitting using the jacketing method is selected
because it effectively enhances the columns’ axial,
shear, and bending load capacities and improves the
structure’s earthquake resistance. Furthermore, col-
umn jacketing can extend the lifespan of a building by
repairing existing damage and increasing the column’s
load-bearing capacity. Although this process can
disrupt building operations and require substantial
cost and time, the outcomes are typically beneficial,
providing enhanced structural safety and stability.

In this study, the method of retrofitting column struc-
tural elements using jacketing involves adding rein-
forcement and additional dimensions that encase the
existing column. Since the jacketing method is ap-
plied solely to the column, the reinforced beam-column
joint should be designed following seismic design prin-
ciples by distributing the longitudinal reinforcement of
the jacketed column along the beam over a length of
22D. The distribution of additional reinforcement is in-
tended to increase the rigidity of the building, ensur-
ing that when subjected to seismic activity, the struc-
ture remains intact and behaves as a cohesive unit. The
assessment and retrofitting method flowchart is illus-
trated in Figure 5.

2.6 Development of Fragility Curve

Fragility curve analysis of buildings is an essential
tool for evaluating structural vulnerability to seismic
events. This analysis involves creating a series of
graphs that show the likelihood of a building experi-
encing different levels of damage during various in-
tensities. The process begins with defining damage
states, ranging from minor damage to complete struc-
tural failure. Engineers use data from historical earth-
quakes, simulations, or laboratory tests to establish re-
lationships between ground motion parameters, such
as peak ground acceleration (PGA) or spectral acceler-
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Figure 5 Assessment and retrofitting method flowchart

ation, and the probability of each damage state occur-
ring. These relationships are subsequently plotted as
fragility curves.

Fragility curves enable engineers and decision-makers
to comprehend the likelihood of different damage sce-
narios, which is crucial for risk assessment, emergency
planning, and mitigation strategies. By identifying the
most vulnerable aspects of a building, fragility curve
analysis informs the implementation of retrofitting
measures and enhances overall seismic resilience. This
method provides a probabilistic approach to seismic
risk assessment, offering a more nuanced perspective
than deterministic methods, and is instrumental in im-
proving the safety and preparedness of communities in
earthquake and tsunami-prone areas.

In this study, the probability value of structural damage
based on earthquake load and tsunami load levels can
be formulated according to the work of (Porter, 2021)
through a standard-normal distribution in the follow-
ing Equation 1 to Equation 4:

B ln(%
P =9 5 ) (1
v=2 @)
I
_
0- L ®)

B8=/In(l+ %) )

Where P = Probability of structural damage; ® = the
standard normal function; x = ground motion param-
eter PGA (g); 6= Median demand capacity PGA (g); 8 =
the total uncertainty of the structure; v = the coefficient
of variation of the damage limit; o = standard deviation
of the damage limit; ; = mean of the damage limit.

The flowchart of seismic and tsunamis fragility curve

development is shown in Figure 6.

2.6.1 Seismic fragility curve

A seismic fragility curve is a curve that shows the pos-
sibility of damage to a structure when it receives an
earthquake load with a certain intensity.

This curve becomes very important in assessing or eval-
uating the seismic performance of a structure because
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Figure 6 Flowchart of seismic and tsunamis fragility curve devel-
opment

it displays the level of seismic fragility as possible dam-
age based on earthquake loads that exceed the design
load on the performance or limit the state of a particu-
lar structure. According to (HAZUS, 2002), the damage
state of building structures can be seen in Table 6.

2.6.2 Tsunami fragility curve

Tsunami fragility is defined as the probability of struc-
tural damage or the fatality ratio, focusing on the hy-
drodynamic characteristics of tsunami inundation flow,
such as inundation depth, current velocity, and hydro-
dynamic force. The tsunami fragility curve illustrates
the relationship between the probability of the extent
of structural damage and the tsunami intensity mea-
sure (I M). The tsunami intensity measure used in this
study is tsunami inundation depth (m). In this study,
an inundation map of West Pasaman was used to de-
velop a tsunami fragility curve using various inunda-
tion depths (0.5 m - 5 m) at intervals of 0.5 m. The
damage limit state of buildings due to tsunami loads
is depicted in Table 7 (Syamsidik et al., 2020).
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Table 6. Damage state due to seismic loads c000 P-M Interaction for Column without Retrofit (K1)
Damage State Description
. Flexural or shear hairline cracks in some 4500
Slight damage e
beams/columns near or within joints. .
Most beams/columns exhibit hairline cracks. £ 3000
Moderate damage Some larger cracks indicate that yield capacity E
has been exceeded. r—: 1300
Some elements have large flexural cracks and < o
Extensive damage spalling, indicating that ultlr'nate strength has
been reached. Some shear failures. 1500
Partial collapse may result.
The structure is collapses or is in imminent 3000 Bending Moment (kNm)
Complete damage danger of collapse due to brittle failure of
non-ductile elements. (a)
P-M Interaction for Column without Retrofit (K2)
Table 7. Damage limit state due to tsunami loads oo
Damage State Description 3000
No Damage Flooded but no damages found. g 2000
Damages found windows and doors, g
Slight Damage no damage on wall and on structural 5 1000
component. é 0
Moderate Damage One side wall damages, no damage on 600
column and beam. -1000
All walls were damaged or roofs felt down, 2000 Bending Moment (kNm)
Extensive Damage structural components bent/deflected
or broken. (b)
Complete Damage Only floor left. P-M Interaction for Column without Retrofit (K3)

4000

1000

Axial Force (kN)

3.1.1 Load-bearing capacity of column

3000
3 RESULTS

2000
3.1 Results of Analysis of the Existing Building’s Structure

The load-bearing capacity of the columns was analyzed -1000
using the P-M column interaction diagram. Based on Bending Moment (kNm)
the results of the P-M interaction diagram, only column 2000
K4 (30 x 30) is not capable of withstanding the work- (©
ing load in both the X and Y directions, as P-M values P-M Interaction for Column without Retrofit (K4)
(points) in column K4 (30 x 30) cm have crossed the P-M 2300
interaction diagram line, as shown in Figure 7. 2000
The results of the column’s shear strength at the sup- Z 1500 ¢
port and mid-span are shown in Table 8. The table com- g 1000
pares the reduction factor of nominal shear strength K
(®Vn) and ultimate shear force (Vu). Only column K4 2 00
(30 x 30) has a value of Vu greater than ®V'n, indicat- o
ing it is not capable of withstanding the shear strength 0
capacity (Not OK). -500

Bending Moment (kNm)

-1000 P-M X-Direction P-M Y-Direction
—=—Mn, Pn —&—HMn, 6Pn

3.1.2 Load-bearing capacity of beam

(d)

Figure 7 P-M interaction for column without retrofit

The load-bearing capacity of beam analysis was car-
ried out by reviewing all types of beams on each floor.
The results of the beam capacity calculation show that
all beams can withstand the moment (®Mn>Mw) and
shear strength (®Vn>Vv), as shown in Table 9.
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Table 8. Shear strength capacity of column

Section fvn Vu
N . n >Vu
o Tye W KN KN v
1 K1 300 500 162.52 154.33 OK
2 K2 300 500 162.52 33.61 OK
3 K3 300 500 162.52 50.47 OK
4 K4 300 300 91.86 147.33 NOT OK
Table 9. Moment capacity of beam
Moment Capacity Shear Capacity
St. TypeBeam f,, M, N fvn Vu
L e R VY AL R S Y T
Nm  kNm M kN N
1 B1 178.48 9790 OK 300.34 90.07 OK
2 B2 178.48 73.75 OK 300.34 82.07 OK
3 B3 178.48 48.61 OK 300.34 12.07 OK
B4 102.96 10.49 OK 273.61 8.00 OK

3.2 Structural Retrofitting Building Using Concrete Jack-
eting

Based on the analysis results of the existing building’s
structure, several columns, namely column K4 (30 x 30)
cm on the 1%t floor, are unable to withstand the work-
ing load. Therefore, it is necessary to perform local
retrofitting on the column. Structural retrofitting of the
building analysis in this study uses the concrete jacket-
ing method to recover and improve the load-carrying
capacity and stiffness of reinforced concrete columns.

In this study, the reinforcement design for column jack-
eting dimensions and concrete jacketing reinforcement
is based on the maximum capacity values (P, and M,,)
from the response results of the existing building struc-
ture using the finite element method computer pro-
gram (ETABS v21).

Figure 8 shows the cross-sectional dimensions and
modeling of the retrofitting building structures us-
ing concrete jacketing. The building structure was
retrofitted by enlarging the cross-sectional dimensions
to 50 x 50 cm and adding reinforcement bars to the
structural columns to be 12D19. The compressive
strength of the additional concrete was 20.75 MPa.

3.3 Results of Retrofitted Structural Analysis
3.3.1 Column capacity after retrofitting

Figure 9 shows the P-M interaction diagram of a
retrofitted column using jacketing concrete on column
K4. It is clear from these figures that all columns have
sufficient capacity to withstand the working load, as
shown by all P-M values (points) that are within the
P-M interaction diagram line. In addition, the shear
strength capacity of the column K4-Retrofitted (30 x 50)
is able to withstand the P-M interaction, as shown in
Table 10.
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Figure 8 Location of column jacketing and cross-section of
retrofitted column
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Figure 9 P-M interaction for column K4 with retrofitting

Table 10. Shear strength capacity of columns after retrofitting

No. Type Section fVn Vu Vi >Vu
D W KN KN

1 K1 300 500 162.525 125.38 OK

2 K2 300 500 162.525 49.37 OK

3 K3 300 500 162.525 33.64 OK

4 K4-Retr 500 500 217.705 157.05 OK

3.3.2 Beam capacity after retrofitting

The beam is a structural component that bears the ex-
ternal load and causes bending moments and shear
forces along its span. The results of the calculation of
beam capacity after retrofitting show that all beams can
withstand the moment (® M n>Mu) and shear strength
(®Vn>Vu), as shown in Table 11.
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Table 11. Beam capacity after retrofitting
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Table 12. The limit state by ATC-40

Moment Capacity Shear Capacity
Type Beam fy;,, M, fvn Vau
Nm  knm M gy o vV
B1 178.48 92.97 OK 300.34 97.87 OK
B2 178.48 73.75 OK 300.34 81.13 OK
B4 178.48 48.61 OK 300.34 53.88 OK
B5 102.96 10.50 OK 273.61 8.7 OK

3.4 Incremental Dynamic Analysis (IDA)

The parameter of the seismic fragility curve requires
the maximum displacement of the building, obtained
from Incremental Dynamic Analysis and structural
modeling responses using the finite element program
ETABS. Incremental Dynamic Analysis (IDA) simulates
earthquakes of varying intensities applied to the build-
ing structure model until collapse occurs.

IDA is utilized here to determine earthquake-induced
displacements using a scale factor of 0.2 in the time his-
tory method. The acceleration data used in this analy-
sis are from the Chichi Earthquake in Taiwan, the Kobe
Earthquake in Japan, and the Superstition Hills Earth-
quake in the United States. The structural responses
regarding displacement due to Incremental Dynamic
Analysis are documented for both the X and Y earth-
quake directions.

3.5 Static Non-Linear Analysis due to tsunami forces

The tsunami fragility curve is derived from the max-
imum displacement due to tsunami loads for each
variation of tsunami inundation depth. To develop
a tsunami fragility curve using various inundation
depths (0.5 m - 5 m) at intervals of 0.5 m.

3.6 Seismic Fragility Curve

From these data, adjustments were made to the spectral
response of West Pasaman Regency with the soft soil
site (SD) class. In this study, the value of limit states
follows ATC-40, as shown in Table 12. Subsequently,
the seismic fragility curve parameters are plotted using
a normal distribution.

Figure 10a and 10b illustrate the result of the seismic
fragility curve. Figure 10a shows the seismic fragility
curve of the existing building. It can be seen from the
figure that the probabilities of slight, moderate, and ex-
tensive damage reached 100% and complete damage
at 50%. Upon retrofitting with column jacketing, the
probability of complete damage decreases to 32% at a
PGA of 0.520 g (Figure 10b), according to the Indone-
sian Seismic Map of the West Pasaman Regency MCER.

Damage states Drift Ratio
Slight 0-0.01
Moderate 0.01-0.02
Extensive 0.02-0.115
Complete 0.115-0.33
100
90
80
s 0 o
g o 50%
Z 50
2 a0
£ 30 !
20 :\ PGA 0.52 ¢
(at building location)
10 1
0 |
0.00 0.50 1.00 1.50 2.00
PGA (g)
— Slight EX — Moderate EX Extensive EX - Complete EX
(a)
100
90
80
g 70
z. 60
Z S0 32%
2 40
-]
& 30

PGA 052¢g
(at building location)

000 025 050 075 100 125 150 175 2.0
PGA (g)
— Slight RET - Moderate RET Extensive RET — Complete RET

(b)

Figure 10 Seismic fragility curve of existing building (a) and the
retrofitted building (b)

3.7 Tsunami Fragility Curve

Based on the results of maximum displacement due to
the tsunami load combination and using Equations (1)-
(4), the tsunami fragility curve is determined from the
maximum displacement due to the tsunami load for
each variation of tsunami inundation depth with dam-
age state limits of tsunami fragility curve by Hazus, as
shown in Table 13. Then, the tsunami fragility curve
parameters are plotted in a fragility curve using a nor-
mal distribution.

The results of the tsunami fragility curve, as illustrated
in Figure 11a and 11b, indicate that the existing build-
ing has a 90% probability of moderate damage. In con-
trast, retrofitting with column jackets reduces the prob-
ability of moderate damage to 70% for a tsunami in-
undation depth of 5.00 m in West Pasaman, Indonesia.
Other damage levels in existing and retrofitted build-
ings reached a 100% probability of light damage and a
0% probability of heavy damage and collapse.
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Table 13. Damage state limits of tsunami fragility curve
Drift damage index HAZUS

Damage states

(%)
Slight <0.20
Moderate 0.20-0.50
Extensive 0.50-1.20
Complete 1.20-2.80
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Figure 11 Tsunamis Fragility curve of existing building (a) and
the retrofitted building (b)

4 DISCUSSIONS

4.1 The Effect of Structural Retrofitted Structural Using
Concrete Jacketed Columns

Based on the structural analysis of the existing build-
ing, it was found that only column K4 (30 x 30 cm)
does not meet the current Indonesian building code re-
quirements for withstanding the working load. This is
evident in Figure 4, where the P-M values (point) on
the interaction diagram exceed the column’s P-M in-
teraction diagram limits. Additionally, the column’s
shear capacity is inadequate, with the ultimate shear
force (Vu) exceeding the reduction factor of the nomi-
nal shear strength (®Vn). The beam load analysis indi-
cates that all beams can sustain the moment and shear
loads acting on the structure, as outlined in Table 9.
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Since only a few structural elements are incapable of
carrying the load, it is recommended to retrofit them
locally, specifically by jacketing the columns.

The re-analysis results using the jacketing retrofit on
column K4 demonstrate that all structural elements,
including columns and beams, can carry loads in ac-
cordance with current standards. The increased di-
mensions and additional reinforcement of the existing
columns significantly enhance the cross-sectional ca-
pacity. Assuming that the nominal capacity exceeds the
ultimate force acting on the column, the reinforced col-
umn exhibits improved strength.

Based on the percentage increase in the capacity of
column K4, where the existing dimensions of 30 x 30
cm were strengthened using column jacketing to di-
mensions of 50 x 50 cm, there was an increase in ax-
ial force by 217% (more than two times), bending mo-
ment by 386% (almost four times), and shear force
by 137%. This significant enhancement in structural
performance demonstrates the effectiveness of column
jacketing as a retrofitting technique, providing im-
proved load-bearing capacity and resistance to various
forces, thereby ensuring greater stability and safety of
the structure. Additionally, these improvements sug-
gest the potential for extending the structure’s service
life and reducing the need for more extensive and costly
repairs in the future.

4.2 The Effect of Retrofitting on Seismic Vulnerability of
the School Building

Vulnerability analysis of the building structure reveals
that retrofitting with concrete jacketing reduces the
probability of structural damage due to earthquake
loads by 18% at the level of complete damage with a
PGA of 0.520 g (based on the West Pasaman Regency
MCER Indonesian Seismic Map), as shown in Figures
7a and 7b. According to the seismic fragility curve, this
shelter building exhibits a ’complete’ level of vulner-
ability under an earthquake with Peak Ground Accel-
eration (PGA). This vulnerability arises from updated
earthquake regulations, which have increased the seis-
mic forces and parameters imposed on structures (Nu-
groho et al., 2022). Additionally, buildings designed
under the old Indonesian seismic code (Indonesian Na-
tional Standardization Agency, 2019) are highly sus-
ceptible to earthquake-induced damage. Therefore,
critical buildings must adopt disaster mitigation mea-
sures, such as structural strengthening through column
jacketing, to ensure they can withstand seismic loads.

4.3 The Effect of Retrofitting on Tsunami Vulnerability of
the School Building

According to the tsunami fragility curve illustrated in
Figures 7c and 7d, the building demonstrates a mod-
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erate vulnerability to tsunamis. Structural elements,
particularly building columns that initially encounter
tsunami waves, are susceptible to experiencing maxi-
mum loads. Strengthening these vulnerable structural
elements may enhance the building’s resilience against
tsunamis. Vulnerability analysis of the building struc-
ture reveals that retrofitting with concrete jacketing
reduces the probability of structural damage due to
tsunami loads by 20% at the level of complete dam-
age corresponding to an inundation depth of 5.00 m for
West Pasaman, Indonesia. The tsunami fragility curve
reveals a significant reduction in moderate damage lev-
els due to the implementation of column jacketing.

5 CONCLUSION

The results of this study demonstrate that several
columns in the existing building, designed according to
the old Indonesian building codes, were unable to with-
stand working loads, necessitating local retrofitting.
The retrofit strategy employs concrete jacketing, in-
volving additional dimensions and reinforcement to re-
store and enhance the load-carrying capacity and stiff-
ness of reinforced concrete columns. After retrofitting
the building column with concrete jacketing, all struc-
tural elements demonstrate the capability to withstand
earthquake and tsunami loads.

Vulnerability analysis of the building structure reveals
that retrofitting with concrete jacketing reduces the
probability of structural damage due to earthquake
loads by 18% at the level of complete damage with a
PGA of 0.520 g (based on West Pasaman Regency MCER
Indonesian Seismic Map). Similarly, it decreases the
probability of structural damage due to tsunami loads
by 20% at the level of complete damage corresponding
to an inundation depth of 5.00 m for West Pasaman, In-
donesia.
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