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Abstract: Existing Reinforced Concrete School buildings with low earthquake resistance may suf-
fer structural failure or severe damage in a catastrophic seismic event. Ascertaining earthquake
resistance in existing school buildings is vital to confirming the safety of students, teachers, and
all school members. Reinforced concrete (RC) has been used significantly for numerous years as
the primary material due to its easy access and low cost-effectiveness in construction. The current
research focused on analyzing the existing RC school buildings designed and constructed in various
regions of Afghanistan over the last three decades. Seismic fragility curves, which are generated
from incremental dynamic analysis (IDA), have been used to evaluate the damage probability of RC
school buildings against earthquake ground motions. In this investigation, 34 RC school buildings
were selected from an extensive database and subsequently classified as either A-type or B-type
based on specific criteria, including design details and construction year. Following this classification,
an assessment of the seismic damage probability for these buildings was conducted using proba-
bilistic models based on IDA curves. The results indicate that A-type school buildings with newer
construction are less prone to damage compared to B-type school buildings, showing improved
resilience. Especially the B-type buildings in seismic Zone-I are found to be highly vulnerable under
the maximum considered earthquake scenarios.

Keywords: RC existing school buildings; moment resistance frame system; incremental dynamic
analysis (IDA); fragility curves; seismic damage probability

1. Introduction

School buildings in Afghanistan have been significantly constructed across all provinces,
particularly in major cities, over the last three decades. These school buildings vary in height
from one-story to four-story structures. Various construction materials have been utilized
for school buildings in different regions due to climate conditions and the availability of
materials at construction sites, such as clay brick masonry, stone masonry, and reinforced
concrete. Especially, reinforced concrete (RC) has been used significantly for several years
as the common material due to easy access, fire resistance, energy savings, and low cost-
effectiveness of construction, providing structural strength and durability in different
locations. Lack of design standards and nonengineered construction of RC buildings have
led to structural collapse, financial losses, injuries, and deaths under severe earthquakes
such as the 2015 Hindu Kush earthquake, which had a moment magnitude (Mw) of 7.5 [1].

The seismic vulnerability of existing RC buildings has been widely discussed in the
literature [2-6]. In recent years, Carlos Gonzalez et al. [7] conducted a research methodology
aimed at reducing risk and enhancing the resilience of school buildings.

Incremental dynamic analysis (IDA) is commonly used to determine the fragility
curves of earthquakes. The IDA can evaluate a structure’s seismic behavior, ranging from
elastic to plastic deformation and potential collapse [8-10]. Behrouz Asgarian et al. [11]
utilized the IDA to observe the Tehran communications tower using different Damage
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Measures (DMs) and Intensity Measures (IMs). Their study concluded that the spectral
acceleration at the fundamental period, Sa (T1), outperforms the peak ground acceleration
(PGA) as IMs in terms of efficiency. The IDA involves several critical steps, including choos-
ing suitable IMs and DMs, selecting appropriate and sufficient earthquake ground motion
records (GMRs), and effectively adjusting GMRs for higher intensities using scaling factors.

Based on the research by Yu Cheng et al. [12], the spectral acceleration Sa (T;) is recog-
nized for its strong correlation with seismic damage measures, particularly in structures
dominated by the first vibration. Therefore, the spectral acceleration Sa (T;) is adopted as
the IM for this study. Iunio Iervolino and Gaetano Manfredi [13] considered the maximum
inter-story drift ratio as the DM of a structural model. Consequently, this study also adopts
the maximum inter-story drift ratio as the DM for RC school buildings in the IDA analysis.

Andrea Miano et al. [14] conducted research to assess the vulnerability of RC structures.
They focused on the impact of geometrical features, such as the number of floors and span
length. The purpose was to define the probability of reaching a given limit state under
a certain hazard intensity, considering factors like maximum differential settlement and
deflection ratio. Fernando Gomez-Martinez et al. [15] focused on the potential relevance of
differential settlements in assessing earthquake-induced liquefaction damage. Nicoletta
Nappo et al. [16] researched to develop fragility curves for existing RC buildings. This work
considered the empirical correlation between subsidence, monitored with satellite data
regarding differential settlements, and damage to the RC buildings. Caglar Goksu et al. [17]
investigated research by compiling the data of RC columns incorporating recycled concrete
aggregate to generate fragility functions. Maria Zucconi et al. [18] conducted a detailed
study to develop fragility curves specifically for RC-frame buildings.

Sergio Ruggieri et al. [19] researched existing low-rise RC school buildings in the
Province of Foggia, Southern Italy. They developed a simplified method for assessing
existing RC school buildings and generated fragility curves for life safety and near-collapse
limit states. Gianrocco Mucedero et al. [20] studied the seismic risk in masonry-infilled RC
school buildings, emphasizing uncertainties in infill panel definitions and their impact on
seismic loss predictions. Raffaele Pucinotti et al. [21] performed a case study on the Frangi-
pane school in Reggio Calabria, Italy, which experienced significant retrofitting to increase
its resistance to the high seismic risk. Wilson Wladimir Carofilis Gallo et al. [22] proposed a
framework for a combined seismic and energy retrofitting strategy for existing buildings.

The non-linear frame analysis program, STERA 3D, developed by one of the au-
thors [23], has been used to perform the IDA for various earthquake ground motions to
assess the damage probability of 34 school buildings. A database containing 220 recorded
ground motions was used to select the input ground motions for the IDA. The probability
of damage to RC school buildings is divided into five damage states (no damage, minor
damage, significant damage, severe damage, and collapse). These probabilities are then
compared for two types of school buildings (Type A and Type B) constructed in different
years and located in different regions. Sharafi et al. [24] evaluated the damage probability
of six school buildings constructed in six different cities in Afghanistan. They examined
the effect of brick masonry walls on the seismic performance of RC school buildings [25].
They also proposed a new method to calculate the effect of infill masonry walls containing
openings to reinforce concrete structures [26].

The main objective of the current research is to investigate the damage probability
of RC school buildings that have been designed and constructed in different locations
with different architectural types. Despite some researchers investigating the seismic
vulnerability of various structural typologies, such as steel moment frame edifices and
reinforced concrete (RC) constructions [27-30], there is still a significant lack of fragility
curves for RC school buildings. Consequently, the principal aims of this investigation are
delineated as follows:

e  Damage probability states of RC school buildings constructed in various locations and
ground motion intensities.
e  Evaluation of the seismic risk for RC school buildings in various seismic zones and locations.
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e  Consider factors such as the seismic zone location and the number of stories.
e  Proposal of fragility curves for RC school buildings in different seismic zones.

2. RC School Building Database under Investigation

According to the annual report of the Ministry of Education (MOE) of Afghanistan [31],
14415 public school buildings and 2584 private school buildings have been built in different
regions. Various construction materials, including stone masonry, brick masonry, concrete
masonry units, hollow block masonry, and aerated concrete blocks, have been used for
internal and external walls in these school buildings. However, the main structural elements
are the RC elements, such as beams, columns, and slabs, reflecting significant consideration
for ensuring the safety and stability of school buildings.

A total of 34 school buildings, each designed as a moment-resisting frame system and
constructed in different provinces of Afghanistan, have been selected for this study. The
architecture of these school buildings varies due to the number of stories, plan irregularity,
dimensions of columns and beams, story height, and the number of spans in the x and y di-
rections. They are classified as low-rise buildings. These school buildings were constructed
by the Ministry of Education (MOE) and the Ministry of Urban Development and Housing
(MUDH) between 2001 and 2022. In this study, A-type school buildings refer to those
designed and constructed by the Ministry of Urban Development and Housing (MUDH)
after 2018. Conversely, B-type school buildings are those designed and constructed by the
Ministry of Education (MOE) before 2018. The A-type school buildings have larger column
and beam dimensions, higher concrete compressive strength, and a higher steel percentage
than the B-type school buildings.

As examples, one A-type school building and one B-type school building are shown
in Figures 1 and 2, respectively. The A-type school building in Figure 1 has a plan with a
dimension of 42.7 m x 16.4 m consisting of nine and three spans in longitudinal and trans-
verse directions, and an elevation with the first and second story heights of 3.25 m and 3.3 m.
The B-type school building in Figure 2 has a plan with a dimension of 28.37 m x 14.4 m
consisting of seven and four spans in longitudinal and transverse directions, and an eleva-
tion of 3 m for the first and second story heights. For both buildings, the floor weight is
calculated as the sum of the dead load and the live load, equal to 11.8 kN/m?. The section
details of load-bearing elements (beams and columns) are summarized in Tables 1 and 2
for the A-type school building and Tables 3 and 4 for the B-type school building. The
compressive strength of concrete ranges from 20 MPa to 28 MPa, whereas the rebar strength
of structural elements ranges from 280 MPa to 420 MPa.

Table 1. Summary of column dimensions and reinforcement (A-type school building).

Depth Width Main Rein. Shear Rein. Rebar Strength, Concrete

No.  Column Story Level (cm) (cm) Bars Bars fy (MPa) f. (MPa)
1 C1 1st and 2nd Floors 60 40 14 O D-18 10 @ 10cm 420 28
2 C2 1st and 2nd Floors 60 40 14 @ D-20 10 @ 10cm 420 28

Table 2. Summary of beam dimensions and reinforcement (A-type school building).

Depth Width . . Rebar Strength,  Concrete f,
No. Beams Story Level (cm) (cm) Beams Reinforcement Details f, (MPa) (MPa)
1 B1 1st Floor 60 40 5 18 on Top and 5 J16 on Bot. 420 28
2 B2 2nd Floor 50 40 516 on Top and 5 J16 on Bot. 420 28
3 B3 1st Floor 60 40 5 16 on Top and 4 16 on Bot. 420 28
4 B4 2nd Floor 50 40 516 on Top and 4 16 on Bot. 420 28
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Figure 1. A-type two-story RC school building, showcasing (a) first-floor plan details, (b) second-floor
plan, and (c) RC frame (transverse direction).
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Figure 2. B-type two-story RC school building, including (a) the first-floor plan, (b) the second-floor
plan, and (c) the RC frame (transverse direction).
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Table 3. Summary of column dimensions and reinforcement (B-type school building).
Depth Width Main Rein.  Shear Rein.  Rebar Strength, Concrete
No.  Column Story Level (cm) (cm) Bars Bars f, MPa) f. (MPa)
1 C1 1st and 2nd Floors 35 35 10 @ D-20 8 @ 15cm 265 20
2 c2 2nd Floor 35 35 10 @ D-18 J 8 @15cm 265 20
6 J D-204
3 C3 1st Floor 35 35 O D-22 D8 @ 15cm 265 20
4 C4 1st Floor 35 35 10 @ D-22 @8 @ 10cm 265 20
Table 4. Summary of beam dimensions and reinforcement (B-type school building).
Depth Width . . Rebar Strength, Concrete
No. Beams Story Level (cm) (cm) Beams Reinforcement Details fy (MPa) £. (MPa)
1 Bl 1st Floor 35 35 5 16 on Top and 4 16 on Bot. 265 20
2 B2 2nd Floor 35 35 5 14 on Top and 4 V14 on Bot. 265 20
3 B3 1st Floor 35 35 518 on Top and 4 J18 on Bot. 265 20
4 B4 2nd Floor 35 35 5 16 on Top and 4 16 on Bot. 265 20
5 B5 1st Floor 40 35 5 18 on Top and 4 J18 on Bot. 265 20
6 B6 2nd Floor 40 35 518 on Top and 4 J18 on Bot. 265 20

Figure 3 represents the geographical distribution of RC school buildings in the various
provinces of Afghanistan. As illustrated in the bar chart, 34 school buildings are cataloged:
12 are three stories (represented in blue), an equal number are two stories (in red), and the
remaining 10 are one story (in green).

Comprehensive Database of Reinforced Concrete School Buildings Across Various Geographical Locations in Afghanistan.

A 3-Stories School Building
B 2-Stories School Building
@ 1-Stories School Building

{  BADAKHSHAN

\ C. year:2019
7 . year:

’ms JAN

KUNDUZ (

/ [
Q JOWZJAN { ’ -

B3
( {  C.year:2018 ) TAKHAR | I
. . yaar: 2013 ) \ -
| & Yjﬁz?‘l‘Lj BALKH ( 5\ A e year: 2015(
[“"/f < f ~/ \\ "\_%\) —
\ £
FARYAAB o \ Mo /) |t \\ ]
= oA/ ,{ samanoan | - T
Zﬂ“ 2014 ~
\_\ c. yw 2021 20 ﬂ> year2014 (1 pAGHLAN /a 18 )” \ “
2 ( SAREROL . 7" c.year:2018, ﬁ i NURESTAN
) BADGHIS (DG N W, ) P PANJSMR/‘ 0 c. your: 2012
[ \H AN ( ~ ’As.m i \ ;ﬁNAR
L B26 samyan | X C.year:2018 e D “Spw
S e ) ’\ A \\Pﬂu ~ “'/'aa'ffwi‘ A
Wss L | o A RY . year: | | (2014
- | = 2018 /MAIDAN VARDAK * Dzota
C.year:2015 R T ey KaBUL 2014 NANGARHAR
ERAT { o GHOR 5 l e, { year: 2n14¢ / /\
L G S B.23 X
) Y = ) C. year:(PAKTIA,
e~
\ u DAYKONDAY ~ Sy (s .;/
i) E
— < zB:JyJ-ar-znzo M s P N\ ,JCoyear zg
\ S e S —c year:2015( ‘ ’ /c
\ [ \’\ o e d’\ c. |ear 12015 s A 510
\ — — 5 ) URuZGAN ’ / L/ (
b iff / ( ¥> cHazni ) .
N / ( As: ; /
FARAH 3 | C. year: zuns eV
A 52 P \ 7 \ PAKTIKA R i -
C. year:2016 o7 ) S ZABUL Selected school buildings for different regions
¥ < y - ®
[ / / .ssa ( \,] 821 35
/ // o, C. year:2021
) l Vs C—IH :Eb 30
/ — 2 25
| ( 2
| ¥ / ( = 20
Cyearane | HELMAND | KANDAHAR 2.
S
) 3
NIMRUZ / s
Y YT As2 s
/ / C.year:2016 2
/ C. year:2014 i . * ; 5
/ 2,
Total School 3-Stories 2-Stories 1-Story
Buildings Buildings Buildings Buildings
[ B 34 12 12 10
Number of Story

Figure 3. RC school building locations (A-type and B-type).
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3. Incremental Dynamic Analysis (IDA)
3.1. Characterizing Seismic Hazards

Over the last decades, Afghanistan has experienced destructive earthquakes that have
resulted in human fatalities and notable economic losses. The 1998 Takhar earthquake
with a magnitude of 6.9, the 2002 Hindu Kush earthquake with a magnitude of 5.9, and
the 2015 Hindukush earthquakes are mentionable. The 2015 Hindukush earthquake that
killed 117 people and injured 544 others is a typical distractive earthquake that should be
considered for future building design.

Afghanistan is located in the Alpine-Himalayan belt, formed due to collisions among
the Indian, Eurasian, and Arabian tectonic plates. The research conducted by Zakaria
Shinzai [32] revealed 22 active faults spread across Afghanistan. Among these, the Chaman
Fault is of significant concern. A study performed by Muhammad Shahid Riaz et al. [33]
shows that this fault extends approximately 650 km within Afghanistan and traverses the
Kabul region, exhibiting a northward movement of 3 cm per year, which indicates that the
Chaman Fault possesses the capacity to create powerful ground motions with the potential
to cause considerable destruction of buildings.

3.2. Design Response Spectra of Afghanistan

Based on the Afghan Building Code (ABC) and the USGS report for Afghanistan [34,35],
Afghanistan has been divided into four zones (Zone-I, Zone-II, Zone-III, and Zone-1V)
to characterize seismic hazards. Based on the ABC code, the school buildings shall be
designed for the Design-Based Earthquake (DBE), which is associated with a return period
of 475 years (representing a 10% probability of exceedance in 50 years). Also, this study
considers the Maximum Considered Earthquake (MCE), which is associated with a return
period of 2,475 years (representing a 2% probability of exceedance in 50 years). The DBE and
MCE spectrum scaling factors often depend on the code or regulations. The MCE spectral
value is assumed to be 1.5 times greater than the DBE values in this study. According to
the procedure outlined in the ABC, the Afghanistan Design Response Spectrum (ADRS)
for DBE and MCE has been calculated as illustrated by the four thick-line colors shown in
Figure 4. Each of the 34 school buildings constructed over the past three decades is located
in a distinct seismic zone, as illustrated in Figure 5.

Spectral Acceleration, Sa (g)
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Figure 4. Afghanistan-Designed Response Spectra with 5% damping: (a) First scenario (Design Based
Earthquake); (b) Second scenario (Maximum Considered Earthquake).
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Four Seismic Zones of Afghanistan.
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Figure 5. Seismic zones for RC school buildings in Afghanistan.

3.3. Input Ground Motions

IDA is a method used to assess the seismic performance of structures by applying

ground motion records to a structural model and incrementally increasing the intensity of
the motion until the structure reaches its failure point. The minimum number of ground mo-
tions that should be considered to obtain the mean non-linear response of the RC structure
is seven based on codes Eurocode 8—Part 3, 2004, FEMA-356, ASCE_7_16, 2017 [36-38].

In this study, 220 recorded ground motions were downloaded from the Center for

Engineering Strong Motion Data by the USGS and the California Geological Survey [39],
satisfying the following criteria: a maximum acceleration ranging from 0.3 g to 0.617 g,
an earthquake magnitude between 5.8 and 8-moment magnitude (Mw), and a depth
ranging from 10.5 to 142 km. Then, 24 ground motions were selected based on the criteria
described below.

Spectral Match: the Mean Squared Error (MSE) has been employed to ensure a precise
spectral match between the selected earthquake ground motions and the Afghanistan De-
sign Response Spectra (ADRS) criteria. The MSE is calculated using the following formula:

N
MSE = I\l] Z(SFlsarec - Saturget)z 1)

i=1
where SF is the scaling factor in obtaining the minimum MSE for the evaluated record,
Sayec is the unscaled response spectrum of the evaluated record, and Satarget is the
target response spectrum.
Variability in Records: Embracing the inherent variability in seismic events, the col-
lection of ground motions comprises records from various earthquakes, including
different magnitudes, fault mechanisms, and distances from the source. This diversity
ensures that the dataset reflects the unpredictability and range of forces that could
impact structures.
Depth: The epicentral depth affects the ground motion’s characteristics, including
its frequency content and attenuation properties. Choosing ground motions from
earthquakes with a range of depths allows for a more comprehensive assessment of
potential seismic impacts. The highest earthquake depth recorded in Afghanistan was
approximately 210 km below the Hindu Kush in Northeastern Afghanistan, on 26
October 2015 [39].
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e  Moment Magnitude: The magnitude of an earthquake is directly related to the energy
released by the event and influences the seismic waves” amplitude, frequency content,
and duration. The 2015 Hindu Kush earthquake in Afghanistan had a moment
magnitude (Mw) of 7.5 [1].

e  Adequate Suite of ground motions: A total of 24 distinct records were chosen. This
number of records is considered sufficient to provide an accurate assessment of the
seismic performance of the RC school structure.

Figure 6 shows the acceleration response spectrum of the selected ground motions with
a damping factor (h) of 0.05. The green highlighted color shows the range of fundamental
periods for RC school buildings, from 0.181 s to 0.531 s. Table 5 shows the list of 24 selected

earthquake ground motions.

1.8

1.6

Spectral Acceleration, Sa (g)
o o o - - -
> o o o [N} IS

o
N

Selected Ground Motions Records for IDA Analysis

- Afghanistan Design Response Spectra (ADRS)
Fundamental Period Range (0.181 - 0.531 Sec)

0.0 0.5 1.0 15 2.0 2.5
Period (Sec)

3.0

Figure 6. Recorded earthquake ground motions for the IDA (h = 0.05).

Table 5. Summary of 24 input earthquake ground motions.

Magnitude

Duration

No. Record Details Locations Stations Depth (km) (Mw) ) PGA (g)
1 El-Centro 1940 USA - 10.5 6.95 17.7 0.3
2 JP_2003_Hokkaido Japan 11 42 8 300 0.412
3 TW_1999 Chi-Chi Taiwan 07 8 7.6 150 0.274
4 JP_2007 Noto Japan 02 11 6.9 300 0.596
5 JP_2016 Kumamoto Japan 06 12 7.3 300 0.409
6 JP_2011 Miyagi Japan 05 142 7.1 193 0.428
7 US_1981 Westmorland USA - 8 5.8 64.98 0.474
8 JP_2011 Tohoku Japan 04 24 9 300 0.571
9 IR_Bam_2003 Iran 4040 10 6.6 20 0.67
10 Gazli_1976 Uzbekistan - 22.3 6.8 000 0.31
11 JP_2018 Hokkaido Japan 02 37 6.7 300 0.429
12 JP_2011_Fukushima Japan 02 39 7 194 0.415
13 JP_2003 Hokkaido Japan 03 42 8 300 0.411
14 JP_2003 Hokkaido Japan 04 42 8 300 0.439
15 JP_2016 Kumamoto Japan 07 12 7.3 300 0.617
16 US_189_LomaPrieta USA 03 18 7.1 39.98 0.369
17 US_1989_LomaPrieta USA 04 18 7.1 39.98 0.478
18 US_1989_LomaPrieta USA 05 18 7.1 39.98 0.428
19 US_1989_LomaPrieta USA 06 18 7.1 40 0.322
20 US_1992_Petrolia USA 01 19 7.0 59.98 0.661
21 US_1992_Petrolia USA 02 19 7.0 59.98 0.385
22 TW_1999 Chi-Chi Taiwan 06 8 7.6 150 0.281
23 TW_1999 Chi-Chi Taiwan 08 8 7.6 150 0.308
24 US_1994_Northridge USA 02 19.4 6.7 59.98 0.343
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1I2crementa| Dynamic Analysis Results of School Building (B5)

3.4. Incremental Dynamic Analysis

The IDA was conducted to evaluate the seismic performance of 34 RC school buildings
in various regions of Afghanistan. This analysis involves subjecting a numerical model
of the building to a suite of ground motion records, each scaled to a series of increasing
intensity levels. The spectral acceleration at the building’s first natural period, denoted
as Sa (T), is selected as the IM. The intensity of the ground motion records, Sa (T), was
incrementally increased from a base level of 0.4 g to an upper threshold of 4.0 g, with
(g) representing the acceleration due to gravity (9.8 m/s?). The maximum inter-story
drift ratio was selected as the DM of RC buildings. The DMs of 34 school buildings are
calculated for 24 ground motion records by incrementing the IM with steps of 0.05g. In
total, 192,00 analyses were carried out.

The non-linear frame analysis program STERA 3D [23] was used to perform IDA. The
analysis was performed using STEERA 3D, specifically version 11.2, which is an advanced
non-linear three-dimensional frame analysis software suitable for various structural types
including steel, reinforced concrete, and structures requiring seismic isolation. Structural
elements, such as beams and columns, are modeled as line elements with non-linear
bending springs at both ends and shear springs in the middle.

Figure 7a—j shows the IDA curves of the A-type (newly constructed) RC school build-
ings, and Figure 7k—ah shows the IDA curves of the B-type (old) RC school buildings. These
curves graphically illustrate the vulnerability of the A-type and B-type RC school buildings
when subjected to various levels of earthquakes in different geographical locations.
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Figure 7. (a—j) IDA curves of RC school building (A-type). (k-ah) IDA curves of RC school building
(B-type).

4. Fragility Curve and Damage Probability
4.1. Structural Damage Levels Based on DM

According to the performance-based guidelines provided by the Japan Structural
Consultants Association (JSCA) [40], the damage state of RC buildings is categorized into
five levels, as shown in Table 6, based on the maximum story drift angle, which is the
DM in this study. These selected damage levels serve as critical benchmarks for assessing
the structural resilience and capacity of the studied RC school buildings under seismic

loading conditions.



Buildings 2024, 14, 1054

13 of 21

Table 6. Category of damage state.

Damage . S
Measure (DM) No Damage Minor Damage Significant Damage Severe Damage Collapse
Story drift (Omax)  Omax <1/300  1/300 <Opax <1/150  1/150 < Opper <1/100 1/100 < Bjax < 1/75 Omax >1/75

Fragility Curves, Log-Normal Distribution Function BS

4.2. Fragility Curves

From the IDA curves obtained in the previous section, the fragility curves assessing the
vulnerability of RC school buildings under various levels of ground motion intensity are
calculated. Firstly, IM values corresponding to 0.5%, 1.0%, and 2.0% story drift levels were
determined by interpolating the IDA curves. Utilizing the mean and standard deviation
of IM values, the fragility curve was derived. This fragility curve forms a cumulative
distribution function for a lognormal distribution, expressed by Equation (2).

@

P(DM > DMco) = @(Z”X_”l"x)

clnX

In which @ is the standard cumulative distribution function, /nX is the natural log-
arithm of the variable X (Sa (T1)), and ulnX and olnX are the mean and the standard
deviation of the natural logarithm of X, respectively.

This study considered two scenarios for designing earthquakes. The first scenario’s
analysis was based on the DBE, which is associated with a return period of 475 years.
The second scenario was based on the MCE, which is associated with a return period of
2475 years.

Figures 8 and 9 illustrate the fragility curves of various RC school buildings constructed
in different regions of Afghanistan. These curves indicate the damage probability of RC
school buildings for the first and second scenarios. The damage conditions of school
buildings are evaluated at five different levels (no damage, minor damage, significant
damage, severe damage, and collapse).
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Figure 8. (a—j) Fragility curves of RC school building for the first scenario (A-type). (k-ah) Fragility
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curves of RC school building for the first scenario (B-type).
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Figure 9. (a—j) Fragility curves of RC school buildings for the second scenario (A-type). (k-ah) Fragility
curves of RC school buildings for the second scenario (B-type).

4.3. Damage Evaluation of RC School Buildings in the First Scenario

The average probability of each damage level in the first scenario among 34 school
buildings is summarized in Table 7.

Table 7. Average probability in the first scenario.

Building Type Seismic Zone No 1();]r)nage M1n01;:/3 )a mage s;i?;::a(?/:) Dalsne:ge:e(% ) Collapse (%)
A-type Zone-1 56.3 51.5 38.5 25.5 19.6
A-type Zone-II 412 40.2 16.8 10.7 9.0
A-type Zone-1II 33.7 221 8.9 6.9 6.1
A-type Zone-IV 10.1 10.4 1.2 1.3 1.0
B-type Zone-1 64.3 62.8 44.8 27.0 22.8
B-type Zone-II 45.1 50.4 19.5 12.0 111
B-type Zone-III 39.8 39.3 115 7.3 7.5
B-type Zone-1V 20.4 232 2.3 3.5 2.1

The key findings in the first scenario are summarized as follows:

e  A-type school buildings designed and constructed in the last six years are less likely
to be damaged than B-type school buildings. Similarly, the collapse probabilities of
one-story school buildings are less than those of two- to three-story school buildings.

e Asillustrated in Table 7, the collapse probability of A-type buildings in Zones I to IV
is 19.6%, 9.0%, 6.1%, and 1%. In contrast, for B-type school buildings, these values
change to 22.8%, 11.1%, 7.5%, and 2.1%.

e Inseismic Zone-I to Zone-1V, the A-type indicates a maximum likelihood of experienc-
ing severe damage of 25.5%, 10.7%, 6.9%, and 1.3%. Meanwhile, B-type indicates a
maximum likelihood of experiencing severe damage of 27.0%, 12%, 7.3%, and 3.5%.

e Inseismic Zone-I to Zone-1V, A-type school buildings indicate a maximum likelihood
of experiencing significant damage of 38.5%, 16.8%, 8.9%, and 1.2%. Meanwhile,
B-type school buildings show a maximum likelihood of experiencing severe damage
of 44.8%, 19.5%, 11.5%, and 2.3%.
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4.4. Damage Evaluation of RC School Buildings in the Second Scenario

The average probability of each damage level in the second scenario among 34 school

buildings is summarized in Table 8.

Table 8. Average probability in the second scenario.

Building Type Seismic Zone No ]()021)11age M1n01;:/3 )a mage S;il: ;2:?;:) Daif:ge:e(” %) Collapse (%)
A-type Zone-1 76.3 83.6 75.1 55.0 42.6
A-type Zone-II 49.2 82.5 51.8 33.1 26.2
A-type Zone-1II 63.7 712 385 242 20.0
A-type Zone-IV 54.1 14.5 5.6 4.5 3.9
B-type Zone-1 84.3 59.8 79.5 59.5 48.4
B-type Zone-II 55.1 60.1 60.5 37.2 29.2
B-type Zone-III 69.7 62.9 46.1 27.0 22.2
B-type Zone-1IV 85.4 77.2 7.3 51 5.2

The Key findings in the second scenario are summarized as follows:

A-type school buildings have less damage possibility compared to B-type school
buildings and the collapse probabilities of one-story school buildings, are less than
those of two- or three-story school buildings.

According to the analyzed results, seismic Zone I has the highest probability of damage,
particularly in terms of collapse, with an average of 42.6% for A-type school buildings
and 48.4% for B-type school buildings.

The damage possibility of school buildings in seismic Zone IV was significantly less
than all other seismic zones in the first and second scenarios.

Buildings labeled as A-type show a maximum likelihood of experiencing severe
damage of 55%, 33.1%, 24%, and 4.5% in seismic Zone-I to Zone-1V. In contrast, B-type
school buildings indicate a maximum likelihood of experiencing collapse of 59.5%,
37.2%, 27%, and 5.1%.

In seismic Zone-I to Zone-1V, A-type school buildings indicate a maximum likelihood
of experiencing significant damage of 75.1%, 51.8%, 38.5%, and 5.6%. Meanwhile,
B-type school buildings indicate a maximum likelihood of experiencing severe damage
of 79.5%, 60.5%, 46.1%, and 7.3%.

5. Conclusions

The seismic vulnerability of 34 RC school buildings in four seismic zones (Zone-I,

Zone-II, Zone-1I1, and Zone-IV) in Afghanistan has been evaluated. The IDA was conducted
to obtain the fragility curves under two different scenarios: the DBE and the MCE. Twenty-
four input earthquake ground motions were carefully selected for IDA based on the MSE to
match the ADRS. The IDA curves were then calculated using the non-linear frame analysis
program STERA 3D by incrementing the IM of input ground motions.

The main findings of this study can be summarized as follows:

In the first scenario, A-type school buildings show a maximum average likelihood of
collapse probability ranging from 19.6% in Seismic Zone-I to 1% in Zone-IV. Conversely,
B-type school buildings indicate a maximum likelihood of collapse probability ranging
from 22.8% in Zone I to 2.1% in Zone IV. In contrast, in the second scenario, these
probabilities notably change. A-type buildings show average collapse probabilities of
42.6%, 26.2%, 20%, and 3.9% from Zone-I to Zone-1V in A-type, while B-type buildings
show probabilities of 48.4%, 29.2%, 22.2%, and 5.2%.

A-type school buildings are less vulnerable to destructive earthquakes than B-type
school buildings. Correspondingly, the collapse probabilities of one-story school
buildings are less than those of two-story and three-story school buildings.
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e  Zone-I exhibits the highest probability of damage for both A-type and B-type school
buildings, particularly in the case of collapse.

This study contributes to understanding the seismic vulnerability of existing RC school
buildings in Afghanistan. B-type RC school buildings show a significant damage probability
in seismic Zone-I under the second scenario earthquake, and immediate strengthening
measures are highly advised. The current investigation strongly recommends designing
and constructing RC school buildings tailored to specific seismic zones to ensure safety
and cost-effectiveness.
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